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Abstract 
In a polymer electrolyte fuel cell a catalyst layer is built typically of platinum nano-particles 
supported on a high surface area carbon support and resides between a solid-state 
electrolyte membrane and a highly porous gas diffusion layer. One performance test for a 
catalyst layer uses a rotating disk electrode (RDE), with a liquid electrolyte. The liquid 
electrolyte conditions are very different from solid-state, due to mobile anions. Also, 
reactions become mass transport limited quickly due to the relatively low concentration and 
diffusion of reactant gas in the liquid; therefore, extending the results from the RDE to a 
catalyst in a fuel cell is less than ideal. 
A novel approach has been developed to study catalyst layers in realistic fuel cell conditions 
but carries the simplicity of the RDE. This used a three-electrode half-cell with a wall jet 
configuration, to blow humidified gas directly onto the back of the working electrode, 
allowing direct transport of the reactant gas to the electrode. The catalyst layer was pressed 
onto a polymer electrolyte, and a three-electrode electrochemical cell was completed using 
an iridium oxide reference electrode sandwiched within the polymer electrolyte between the 
working electrode and a coarse gold mesh counter electrode. In the presence of hydrogen, 
oxygen and nitrogen it also gave a stable potential (< 3 mV h-1 drift), although this potential 
changed with respect to the gases. An ultra-thin and ultra-low loading catalyst layer was 
optimised for studying the oxygen reduction reaction. This involved vacuum filtration of a 
catalyst ink onto a porous substrate, forming layers which were uniform and as thin as 
1 μm, with a platinum loading as low as 5 µgPt cm-2. The catalyst was supported on a gold 
sputtered polycarbonate membrane with Teflon AF coated pores, to act as an ultra-thin gas 
diffusion layer and low resistance current collector. 
These ultra low loading catalyst layers supported on a porous substrate were first tested in 
contact with an aqueous electrolyte, achieving a current density of 165 mA cm-2Spec or 
680 mA cm-2Geo at 0.3 V vs. RHE. Above 0.6 V vs. RHE (fuel cell relevant potentials), a clear 
curve was visible. Below this, the curve straightened, showing the beginnings of mass 
transport and resistive losses. Upon transferring the electrode to the solid state 
electrochemical cell, a current density of only 12 mA cm-2Spec was attained. This 10 fold drop 
in performance was believed to be because of poor bonding of the PFSI membrane across the 
reference electrode leading to non-uniform current distribution across the working 
electrode. 
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Nomenclature 
Roman Numerals 
Symbol  Description Units 
A geometric area of an electrode 
or cross sectional area of substrate 
cm2 
cm2 
Aads area under the curve corresponding to absorbed 
hydrogen 
A V 
a wall jet nozzle diameter cm 
aOx activity of the oxidation species dimensionless 
aRed activity of the reduction species dimensionless 
ai activity of species j dimensionless 
b electrolyte thickness μm 
ct=0 concentration of gas at time t = 0 mol cm-3 
ct concentration of gas at time t mol cm-3 
cj concentration of species j mol cm-3 
c∞ bulk concentration of species mol cm-3 
Δc concentration gradient across a substrate mol cm-3 
D diffusion coefficient cm2 s-1 
Dj diffusion coefficient of species j cm2 s-1 
Deff Effective diffusion coefficient through a porous media cm2 s-1 
d diameter/width of the reference electrode cm 
E applied potential 
or reaction potential 
V 
V 
EѲ standard reaction potential V 
Ee equilibrium potential V 
E(measured) measured potential V 
ECA electrochemical surface area cm2 
ΔEO oxygen chemisorption energy eV 
F Faraday constant C mol-1 
IL limiting current density mA cm-2 
i current A 
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iL diffusion limiting current A 
J flux mol cm-2 s-1 
j current density mA cm-2 
j0 exchange current mA cm-2 
jGeo geometric current density mA cm-2Geo 
jSpec specific current density mA cm-2spec 
Jt=0 current density at time t = 0  
k constant linking the typical velocity of the wall jet to the 
mean velocity in the nozzle 
dimensionless 
kj rate constant for a chemical reaction (subscript j refers 
to the specific reaction) 
depends on the 
order 
kO reaction rate constant for the oxidation reaction depends on the 
order 
kR reaction rate constant for the reduction reaction depends on the 
order 
kRDS reaction rate constant of the rate determining step depends on the 
order 
l length cm 
Mj molar mass of species j kg mol-1 
NA Avogadro constant mol-1 
nj number of moles of species j mol 
P pressure (capillary pressure) kPa 
Peff effective permeability mol cm-1 s-1 
Δp pressure difference kPa 
Q volumetric flow (total discharge) 
charge 
cm3 s-1 
C 
Qads charge density of hydrogen adsorption C cm-2 
Qbg charge density of the background scan in the limits of 
the ads/des peak 
C cm-2 
Qdl charge density of double layer C cm-2 
QH charge required to absorb or desorb hydrogen from the 
palladium structure 
C 
Qref literature value of charge density for 1 monolayer of 
species on platinum 
C cm-2 
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R gas constant 
or radius of the sphere curvature 
or resistance 
or resistivity of palladium hydride 
J mol-1 K-1 
cm 
Ω 
Ω cm 
R0 resistivity of pure palladium Ω cm 
Rs Sheet resistance Ω □-1 
Ru uncompensated solution resistance Ω 
Rs solution resistance Ω 
rp radius of a pore μm 
r0 radius of disk electrode cm 
rpm revolutions per minute min-1 
SV space velocity s-1 
T temperature K 
t time from commencement of experiment 
or material thickness 
s 
cm 
t0 start time S 
te end time s 
ΔUm/e(x) potential difference across two phases, m (metal) and e 
(electrolyte). x corresponds to different electrodes: the 
reference electrode (RE) or the working electrode (WE) 
V 
Um electrochemical potential of a metal m V 
Umin minimum potential of HUPD V 
Ue electrochemical potential of an electrolyte e V 
V reactor volume cm3 
Vf volume flow rate cm3 s-1 
VIR voltage loss V 
W material width cm 
Δx path length cm 
z stoichiometric number of electrons involved in an 
electrode reaction 
dimensionless 
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Greek Symbols 
Symbol  Description Units 
α transfer coefficient. Subscript a and c represent the 
anodic and cathodic process, respectively 
dimensionless 
β stoichiometric coefficient of the reduction species dimensionless 
γ surface tension 
stoichiometric coefficient of the oxidation species 
N m-1 
dimensionless 
γTef surface tension of water on Teflon AF N m-1 
γAir surface tension of water in air N m-1 
δ constrictivity dimensionless 
η overpotential V 
θ contact angle Rad 
θfree fraction of free coverage of surface sites dimensionless 
κ permeability μm2 
μ viscosity Pa s 
ν superficial flow cm s-1 
ρ resistivity Ω cm 
ρx Density (subscript x refers to the species) g mol-1 
τ residence time 
or diffusion time 
or tortuosity 
s 
s 
dimensionless 
υ kinematic viscosity 
or potential scan rate 
cm2 s-1 
V s-1 
φ pore fraction dimensionless 
ω angular rotation rate for a RDE; 2π × rotation rate s-1 
 
Abbreviations 
Abbreviation Description 
AFC alkaline fuel cell 
AFM atomic force microscopy 
BA butyl acetate 
CE counter electrode 
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CCM catalyst coated membrane 
CCS catalyst coated substrate 
CFC channel flow cell 
CV cyclic voltammetry 
DHE dynamic hydrogen electrode 
ECA electrochemical surface area 
EDTA ethylenediaminetetraacetic acid 
EG ethylene glycol 
EIS electronic impedance spectroscopy 
GTL gas transport layer 
Hupd hydrogen underpotential deposition 
HER hydrogen evolution reaction 
HM-WJE hanging meniscus wall jet electrode 
HOR hydrogen oxidation reaction 
Hg2SO4/Hg mercury sulphate reference electrode 
I - V curve current voltage curve 
IORE iridium oxide reference electrode 
MEA membrane electrode assembly 
O species in its oxidised form 
ORR oxygen reduction reaction 
PAFC phosphoric acid fuel cell 
PCTE polycarbonate track etched 
PCTFE polychlorotrifluoroethylene 
Pd palladium 
PdHRE palladium hydride reference electrode 
PEFC polymer electrolyte fuel cell 
PFSI perfluorosulphonic acid ionomer 
PG propylene glycol 
PTFE polytetrafluoroethylene 
Pt/C platinum particles supported on a carbon substrate 
R species in its reduced form 
RDE rotating disk electrode 
RDS rate determined step 
RE reference electrode 
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RHE reference hydrogen electrode 
Rf roughness factor 
RRDE rotating ring disk electrode 
RSA real surface area 
SCE saturated calomel electrode 
SHE standard hydrogen electrode 
SSCE saturated silver chloride reference electrode 
SS-WJE solid-state wall jet electrode 
THC trace hydrocarbons 
UPD under potential deposition 
VFS vacuum filtration onto a substrate 
WE working electrode 
WJE wall jet electrode 
α-phase palladium hydride with low hydrogen content  
β-phase expanded phase of palladium hydride. Subscript min indicates the 
minimum concentration of hydrogen while still in this phase. 
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1 Introduction 
Low temperature polymer electrolyte fuel cells (PEFCs), based on a perfluorosulphonic acid 
polymeric electrolyte e.g. Nafion®, are considered to play an important role in the green 
power of the future, as shown schematically in Figure 1. They have the possibility to be used 
in a wide range of applications ranging through the portable, stationary and transport 
markets. PEFCs typically operate between the temperatures of 80 – 120 °C. The upper 
temperature limitation occurs because of the requirement of liquid water in proton 
conduction through the perfluorosulphonic acid ionomer (PFSI) membrane (see description 
of a PFSI on Page 29). Nonetheless, due to their reduced thermal losses, they produce the 
highest power densities of any fuel cell system. 
These fuel cells combine hydrogen as the fuel (Reaction 1) and oxygen or air as the oxidant 
(Reaction 2) to produce energy and water in the overall reaction shown in Reaction 3. 
At the anode:      
      (1) 
At the cathode:      
           (2) 
Overall:             (3) 
The oxygen reduction reaction (2) is a process which is critical to PEFC operation. In these 
low temperature fuel cells, this process is quite irreversible. The sluggish oxygen reduction 
represents the primary process which limits the efficiency of these devices to about 60% of 
the theoretical maximum [1]. 
Previous studies of this reaction mainly used liquid electrolytes such as perchloric or 
sulphuric acid, defining the mass transport conditions using the rotating disk electrode 
(RDE) technique. Unfortunately, this method uses different conditions compared to a typical 
PEFC with a PFSI electrolyte that can work in dry as well as wet conditions and therefore 
may give misleading information when applied to the latter. As of yet, there is no reliable 
and accessible way of testing PEFC catalysts in solid-state conditions. This study describes 
the development of a new apparatus for testing PEFC catalysts in realistic fuel cell 
conditions, while remaining simple like the RDE. The main aims were to: 
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 Achieve high mass transport rates of the reactant gases to the catalyst layer, to 
measure the kinetic properties of the ORR across all working potentials of a PEFC 
and with precise control (e.g. to switch between gases) for time domain studies. 
 Use a PFSI electrolyte with no supporting aqueous electrolyte to enable 
measurements across the entire PEFC temperature (up to 120 °C) and humidity (0 – 
100 % RH) range. 
While differing from a PEFC to allow for intrinsic measurements of the catalyst 
 Fabricate a solid-state RE to be placed close to the WE to eliminate resistive losses 
and errors. 
 Achieve an ultra low platinum loading catalyst layer, which is uniform across the 
deposition area to minimise internal mass transport and achieve reproducible results. 
In this project, these design features for an electrochemical cell are analysed in terms of 
oxygen reduction reaction (ORR) in Equation 2. 
 
Figure 1. Diagram of a polymer electrolyte fuel cell showing oxygen and hydrogen as the inlet gases. The fuel 
cell is built of a polymer electrolyte, catalyst layer and a combined gas transport layer (GTL) and micro porous 
layer (MPL). 
In: O2 
Out: 2H2O + 
water 
Out: xH2 
In: 2H2 
Anode Cathode 
→ 
4H+ 
→ 
4e- 
Load 
4e- 
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The MEA is the active part of a PEFC, made of a polymer electrolyte, catalyst layer and gas 
transport layer (GTL). The polymer electrolyte consists of an ionic conductor which carries 
the protons produced in Equation 1 to the cathode while preventing electrons and gas flow 
between the anode and cathode. Historically, the most common polymer electrolytes are 
PFSI with DuPont’s Nafion® holding the greates market share, although alternative PFSI 
membranes are commercially available, such as Flemion and Aquivion [2-4]. The structure 
of Nafion® is shown in Figure 2 [5, 6]. The structure is known as a copolymer, with a 
hydrophobic backbone of polytetrafluoroethylene (PTFE) and a hydrophilic side chain of 
perfluorinated vinyl ether terminated with a sulphonic acid group [6]. Water is known to 
swell the PFSI membranes and promote proton transport, therefore PEFCs are typically run 
at high humidity to increase ionic conductivity [7]. 
 
Figure 2. Structure of Nafion® showing the fluoropolymer backbone and the sulphonic acid side group in the 
acid form. 
The catalyst layer is the part of a fuel cell where the electrochemical reactions occur 
(Equations 1 and 2). These reactions happen in strongly acidic and highly oxidising 
(cathode) or reducing (anode) environment. The chosen components in a catalyst layer 
should remain stable in these environments while resisting deactivation, dissolution or 
poisoning [8]. Noble metals are most suited as they are particularly resistant to corrosion. 
Platinum, platinum alloys or core shell nano-particles are the favourite options because of 
their high catalytic activity for the ORR as explained in Chapter 5 [8]. These nano-particles 
are often supported to inhibit agglomeration [9] and maximise the exposed catalytic surface. 
Modern supports are carbon composites such as Vulcan XC72R from Cabot [10] or Ketjen 
Black® from AkzoNobel [11]. Vulcan XC72R is a semi graphitic, semi amorphous carbon 
mix with primary agglomerates of 30 to 100 nm which further agglomerate into larger 
particles. 
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The catalyst layer is supported on a combined gas transport layer (GTL) and micro porous 
layer (MPL). GTLs typically consist of a carbon cloth or carbon paper of about 100 – 350 μm 
thick [12-14]. They need to have high permeability to supply and remove reactants and 
products from the catalyst layer, have high electrical conductivity and be hydrophobic to 
prevent flooding. To achieve these properties, the GTL is made to be about 70 % porous [12]. 
The PTFE is often added to between 5 to 35 wt. % to change the water handling properties of 
the carbon to prevent flooding [13]. A MPL is added to this GTL as a support for the catalyst 
layer. It consists of smaller particles which can pack together to form a denser layer. This 
denser layer gives two advantages: it has a lower porosity, giving better structural support 
to the catalyst layer and reducing the loss of catalyst down the larger pores of the GDL and 
it reduces the roughness of the GDL enabling a more uniform catalyst layer to be deposited. 
1.1 Methods to Study Catalytic Activities in Controlled Environments 
To study the activity of catalysts, many hydrodynamic devices have been utilised to control 
mass transport rates of reactants to the electrode. Some of the devices which have been used 
to study PEFC reactions are discussed below. 
1.1.1 Hydrodynamic Electrochemical Cells 
An overall electrochemical reaction (charge transfer) is shown in Equation 4. 
     
   
 
   
  (4) 
Where O and R are the species in their oxidised and reduced form, respectively, z is the 
number of electrons transferred, kO and kR are the kinetic rates of reactions for the oxidation 
and reduction reaction, respectively. This overall reaction rate will be governed by a number 
of factors [15]: the rate determining charge transfer step (RDS); the mass transport of the 
reactant to and from the electrode surface; chemical reactions preceding the electron transfer 
which affect the catalyst surface or product and other surface reactions such as competitive 
adsorption or surface rearrangements. Competitive adsorption will be discussed in Section 
1.2.2. When Equation 4 is in equilibrium the rate of charge transfer is equal for the oxidation 
and reduction reaction reactions. This equilibrium will have an associated potential (Ee) 
which is characteristic of a standard potential of the reactant species (EѲ), the concentrations 
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(aRed and aOx) and stoichiometric coefficients (β and γ) as described in the Nernst equation, 
Equation 5. 
    
  
  
  
   
      
 
      
  (5) 
By applying an overpotential (η) either side of this equilibrium potential (Ee), the rate of 
charge transfer will increase in that direction and decrease in the reverse direction. The 
overpotential is given by Equation 6, where E is the applied potential. 
        (6) 
For the ORR a negative overpotential would increase the charge transfer rate of the 
reduction reaction. It is possible to speed up the rate of charge transfer by increasing the 
overpotential until a component of mass transport affects the overall rate of reaction; beyond 
this point, it is no longer possible to directly measure the kinetic rate of reaction. In fact, the 
rate of reaction at high overpotentials can be completely mass transfer controlled. In a static 
cell, this mass transport limitation can occur very quickly, enabling the kinetics of electron 
transfer to be observed only at low overpotentials. This is undesirable as mass transport 
effects complicate the extraction of kinetic data. On the contrary, a PEFC has very high rates 
of mass transport, enabling the speed of charge transfer kinetics to be maintained at higher 
overpotentials. The ORR tends to occur between 0.6 and 0.8 V vs. RHE [16], corresponding 
to a negative overpotential of ≥ 0.4 V. Therefore, the kinetic data in a static cell would have 
to be measured at lower overpotentials (e.g. 0.9 V vs. RHE) and be extrapolated to the area 
of interest, again introducing sources of error. To study the charge transfer kinetics of 
catalysts at the rates they occur in PEFCs, an electrochemical cell needs to be suitably 
designed to achieve exceptionally high rates of mass transport of reactants and products. 
There are many methods to control mass transport to and from the catalyst layer; most 
methods are designed for application with aqueous electrolytes such as perchloric or 
sulphuric acid. Discussed below are some of the hydrodynamic systems used to increase 
and control mass transport rates. For a detailed explanation of the more standard 
techniques: RDE, flow cell, microelectrode and wall jet, see electrochemical textbooks and 
journal articles [15, 17-21]. 
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1.1.1.1 Rotating Disk Electrode 
The rotating disk electrode consists of set size conductive disk (often gold, platinum or 
glassy carbon at about 0.5 cm diameter) embedded into an insulating material such as PTFE 
[18]. By rotating the disk, a radial flow of electrolyte carries the reactant to the electrode 
surface, which in turn brings fresh reactant up towards the disk as shown in Figure 3 [18]. If 
the convection is laminar, a definable mass transport can be achieved by varying the rotation 
speed. 
 
Figure 3. A diagram of the laminar flow lines at the rotating disk electrode (taken from [18]) 
The diffusion profile can be mathematically modelled by assuming a thin layer of stagnant 
electrolyte forms at the electrode surface, where only linear diffusion of reactant takes place; 
this is called the Nernst diffusion layer [17]. For a given concentration gradient (Δc) across 
this diffusion layer, the flux of reactant (J) will change with diffusion layer thickness (Δx), i.e. 
Fick’s law of diffusion (Equation 7).  
     
  
  
 (7) 
Where Dj is the diffusion coefficient of the species j. Consequently, this diffusion layer 
thickness controls the flux of reactant to the electrode and therefore the mass transport 
limiting current. In the RDE, the thickness of the diffusion layer decreases with rotation 
speed. The Levich equation defines the mass transport limited current (iL) in terms of 
angular rotation rate (ω) of a RDE (Equation 8). 
           
               (8) 
Where z is the stoichiometry, F is the Faraday constant, A is the geometric area of the 
electrode, ν is the kinematic viscosity of the solution and c∞ is the bulk reactant 
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concentration. The conditions assumed for derivation of the equation are described in [17]. 
The RDE is limited to about 10 000 rpm, where turbulent flow occurs with cavitations 
forming. Without laminar flow, the Levich equation cannot be used as the mass transport to 
the electrode becomes very complex [22, 23]. In terms of the two PEFC reactions, the ORR 
and HOR, this requirement for laminar flow causes an unavoidable current limitation at 
about 14 and 6 mA cm-2Geo,  respectively [22]. 
The RDE has been the favoured hydrodynamic system for quantitative studies of PEFC 
reactions due to its simplicity to set up and use, with many groups using the RDE [24-31] 
and RRDE [32-36]. It is a favourable technique because of precise modelling through the 
Levich equation that can be related to the experimental results. 
1.1.1.2 Channel Flow Cell 
A channel flow cell (CFC) uses forced convection of the electrolyte down a channel to 
control mass transport of a particular reactant, Figure 4. Before the reactant and electrolyte 
enter the channel they are in the form of inviscid flow, as they enter the channel the 
electrolyte will experience friction from the walls. Due to this friction between the walls and 
within the electrolyte, a boundary layer grows [17]. At a critical length, the boundary layers 
merge together and the flow of electrolyte becomes laminar, forming a parabolic velocity 
profile. 
 
 
Figure 4. A diagram of the flow region through a channel from [17], showing the growing boundary layer as 
the solution changes from inviscid flow to laminar flow. The length of the arrows corresponds to the velocity 
of flow. 
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Provided laminar flow occurs at the electrode, the mass transport limited current is 
described by an equation similar to the Levich equation [18, 21]. Equation 9 relates the 
limiting current (IL) with the cubed root of the volume flow rate (Vf) for a rectangular flow 
channel. 
           
     
                    (9) 
Where h and d are the length and width of the flow channel, w is the electrode width and x is 
the electrode length. For laminar flow, the electrodes need to be placed past the critical point 
where the boundary layers merge, Figure 4. The electrodes either are the walls of the 
channel or are placed flush with the wall along the channel to avoid any turbulence. 
Although not as popular as the RDE, the CFC has been used to study PEFC reactions [37-39]. 
Jusys et al. [37] used the CFC because of its comparatively better time resolution upon 
changing electrolyte than the RDE. By switching the electrolyte flowing through the cell, 
they were able to change from a purged system to one with a reagent and within 2 seconds 
were able to reach 90 % of the current induced by the electrolyte change. This allows time 
domain studies such as the removal of pre-adsorbed adlayers. Wakabayashi et al. [38, 39] 
used a CFC with a collection electrode to study the oxygen reduction reaction at different 
temperatures. They found that using the flow channel cell gave better control of the 
concentration of oxygen in the electrolyte compared to other methods where the electrolyte 
is open to the atmosphere. 
1.1.1.3 Wall Jet Electrode 
The wall jet electrode (WJE), also known as an impinging jet, consists of a nozzle which 
points perpendicular to a static electrode. The electrolyte containing the reactant is pumped 
through the nozzle where it flows towards the electrode, before flowing radially out, Figure 
5 [19, 40]. 
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Figure 5. Diagram of a submerged impinging jet from [19] The outlines the flow channels and the boundary 
layer of stagnant electrolyte. 
Under the correct conditions (nozzle diameter, distance between WE and nozzle and 
velocity of electrolyte), laminar flow is formed over the electrode [19, 20]. The mass 
transport limited current (IL) can be calculated using Equation 10 [20]. 
           
           
            
    (10) 
Where a is the nozzle diameter, k is a reactor constant defined by the geometry of the wall jet 
and electrode. k is calculated experimentally for each experimental setup [20]. By altering 
either the flow of electrolyte or concentration of reagent in the electrolyte the user can define 
the mass transport to the electrode. Due to the flow pattern of the electrolyte, the diffusion 
layer thickness across the electrode surface is radially dependent. As the mass transport is 
inversely proportional to the diffusion layer thickness, a slight non-uniform mass transport 
occurs across the electrode. A number of groups [41, 42] have evaded this problem by 
positioning a microelectrode, considerably smaller than the flow stream, in a relatively 
constant flow area and managed to reduce the difference in diffusion layer thickness to 
below 1 %. 
A development of the WJE, which is typically completely submerged, is the hanging 
meniscus wall jet electrode (HM-WJE). The impinging jet points directly into a hanging 
meniscus which is in contact with the electrode [43, 44]. The flow of electrolyte travels up 
through the nozzle towards the electrode, across the surface and then down the hanging 
meniscus. Above a critical flux such that the flow of electrolyte down the meniscus is faster 
than the diffusion of electrolyte up the meniscus, a complete exchange of electrolyte occurs 
at the electrode over a period of time [44]. This gives an improved quantitative control of the 
y 
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reactant supplied to the electrode. By switching electrolytes within the HM-WJE, the 
reactant can be changed very quickly, having a turnover time in the order of seconds [44]. 
With backflow eliminated, time domain studies can be performed by applying doses of 
electrolyte, which is not possible with the RDE or WJE [43]. Thanks to these advantages the 
HM-WJE has been used for a number of studies [41-47]. 
1.1.1.4 Microelectrode 
A microelectrode, also known as an ultramicroelectrode, is generally defined as an electrode 
with one dimension smaller than 25 μm [15]. The most common geometry is a disk and is 
explained in this section, but other geometries such as cylinders, spheres and rings also exist 
[48]. With conventional planar electrodes (> 25 μm), the Nernst diffusion layer is 
comparatively smaller then the diameter of the electrode; therefore, planar diffusion forms 
across the majority of the electrode, Figure 6 a). In a microelectrode, the diffusion layer 
thickness is of a comparable length to the electrode diameter, Figure 6 b) causing 
hemispherical diffusion which has greater flux of reactants to the electrode surface, acting 
rather like a steady state version of the RDE [48]. 
                        
Figure 6. A diagram to show planar diffusion and hemispherical diffusion. 
At short times, the diffusion layer thickness is time dependent [48]. As a potential or current 
is applied to the electrode, the diffusion layer is initially small compared to the electrode 
area. As the concentration of reagent close to the electrode diminishes to below bulk 
concentration (c∞), a concentration gradient forms in the surrounding electrolyte and the 
diffusion layer expands the reaction has reached steady state and the diffusion layer is 
comparable or larger than the size of the electrode area [15]. The steady state current (iss) 
(equal to the diffusion limiting current) for a microelectrode is given in Equation 11  [15]. 
         
             (11) 
Planar Electrode Microelectrode 
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Where r0 is the radius of the disk (other terms are defined in Section 1.1.1.1). By altering the 
radius of the electrode, the user can alter the diffusion limiting current, as the mass transport 
limitation is inversely proportional to the electrode surface area. A 2 μm diameter disc 
electrode has an equivalent steady state mass transport current density of a RDE running at 
250 000 rpm [48]. Because of this increased rate of mass transport, they have been utilised by 
many groups [49-57]. Microelectrodes are a hydrodynamic system in themselves but can be 
incorporated into other hydrodynamic systems such as the RDE, CFC and WJE [41, 42]. 
1.2 Limitations of Hydrodynamic Systems in Aqueous Electrolytes 
A PEFC is assembled completely of solid-state materials, see Figure 1 on page 28. In this 
environment, the catalyst is in ionic contact with a PFSI membrane while reactants and 
products can flow to and from the catalyst through pores in the electrode. This is quite 
different from diffusion in an aqueous electrolyte, even under hydrodynamic control. 
Therefore, the study of kinetics in aqueous conditions can yield results which are not 
directly applicable to catalysts in PEFCs. Some of the main differences are outlined below. 
1.2.1 Mass transport limitation 
In aqueous solutions the concentrations and diffusion coefficients of reagents are relatively 
low compared to a typical gas transport layer (GTL) in a PEFC. Table 1 shows the diffusion 
coefficients (D) and saturated concentrations (c∞) of hydrogen and oxygen in sulphuric acid 
and a gas GTL. The GTL calculation assumes pure gases, a GTL with a porosity of 0.4 and 
standard ambient temperature and pressure [58]. It is useful to present these values in a 
comparative way at mass transport limiting conditions. Using Fick’s Law of diffusion 
(Equation 6), where Δc is at its maximum (c1 = c∞ and c2 = 0), gives a mass transport limiting 
flux (JL), Equation 12.   
     
     
  
   
    
  
  
   
  
 (12) 
An effective permeability (Peff), Equation 13, gives a measure of the media’s reactant 
diffusion properties independent of diffusion layer thickness (or substrate thickness for the 
GTL assuming only diffusion occurs). This value is similar to a permeability coefficient for 
solutions [59]. 
       
  (13) 
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With the effective permeabilities of hydrogen and oxygen in sulphuric acid at 2.24 and 
1.98 × 10-11 mol cm-1 s-1, these values are 6 orders of magnitude lower than the 4.03 and 
1.05 × 10-5 mol cm-1 s-1 in a PEFC GTL. 
Table 1. The concentration, diffusion coefficient and effective permeability of PEFC reagents in 
5 × 10-4 mol cm-3 sulphuric acid and a representable GDL. The GTL calculation assumes 100 % gas used, a 
GTL with a porosity of 0.4 and standard ambient temperature and pressure. * The diffusion for the GTL is an 
effective diffusion through the porous structure [58]. 
Media to 
Travel 
Through Reagent C∞/ mol cm-3 D* / cm2 s-1 Peff / mol cm-1 s-1 Reference 
Sulphuric 
Acid 
Hydrogen 5.90 × 10-7 3.80 × 10-5 2.24 × 10-11 [31] 
Oxygen 1.10 × 10-6 1.80 × 10-5 1.98 × 10-11 [25] 
GTL 
Hydrogen 4.03 × 10-5 1 4.03 × 10-5 [58] 
Oxygen 4.03 × 10-5 0.26 1.05 × 10-5 [58] 
 
By imposing a convective flux of the reagents to the electrode, the mass transport limiting 
current can be increased in aqueous electrolytes. A high performance RDE can rotate at 
10 000 rpm before cavitations create turbulence in the electrolyte [56]. At these rotations, the 
mass transport limited current density is about 14 mA cm-2 and 6 mA cm-2 calculated for the 
ORR and HOR, respectively, using the Levich equation (Eq. 8) [22]. PEFCs operating with 
pure hydrogen and oxygen can have current densities up to 2 orders of magnitude higher 
than this [22]. Therefore, data from the RDE is extrapolated to PEFC current densities, which 
can introduce unknown errors [55, 57]. Using a microelectrode, this limiting current density 
can be increased to the levels of a PEFC by decreasing the dimensions of the electrode. A 
particle of 49 nm diameter can achieve current densities of just over 1000 mA cm-2Spec [56]. 
The disadvantage of microelectrodes is that a range of electrode sizes has to be fabricated to 
change the mass transport properties [48]. It would be preferable to have a system where the 
flow rate of reactants can be varied across a wide range to control the mass transport limited 
current. 
1.2.2 Anion Effect and Water Activity 
The anion effect and water activity can be very different compared to a polymer electrolyte. 
Liquid electrolytes contain mobile anions which during the ORR and HOR can 
competitively adsorb onto the catalyst surface. This is different to a PFSI membrane where 
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the anions are held in place and cannot pack as closely together. This different anion 
adsorption affects the kinetics of the ORR and HOR [55, 57] and is discussed in detail in 
Chapter 5. Therefore, for a direct comparison to catalysts in PEFCs, it is important to analyse 
the kinetic reactions of the Pt/PFSI interface. There have been a few RDE studies where the 
catalyst has been coated in recast PFSI [25, 60, 61]. However, mobile anions have been 
shown to easily penetrate PFSI and in the case of stronger adsorbing anions, they displace 
the PFSIs sulphonate anions [62]. 
Also, the water content of a PFSI membrane can be very different to aqueous electrolyte 
solutions which the water activity remains at saturation over a wide range. Whereas, a 
polymer electrolyte is able to work in dry as well as wet conditions. For a PFSI membrane 
with an equivalent weight (EW) of 1100 g mol-1 H+ the number of water molecules per 
sulphonic acid group (H2O/SO3H) can be anywhere between 2 and 14 [63, 64]. By using a 
PFSI membrane without a supporting electrolyte, the effect of water activity on the ORR can 
be investigated across this range. 
1.2.3 Temperature 
The temperature is limited in aqueous electrolytes to < 100 °C. A PEFC can work at 
temperatures up to 120 °C, and as the ORR kinetics improve at higher temperatures [39, 55, 
57], it would be advantageous to run a PEFC at higher temperatures and hence perform 
experiments in this region. 
1.3 Moving Beyond Aqueous Electrolytes 
All the above electrochemical cells have been designed with the inclusion of liquid 
electrolyte solutions and are thus limited by the above points in this section. To overcome 
these limitations, an electrochemical cell needs to be designed to simulate PEFC conditions. 
This includes being able to study the ORR and HOR reactions across a catalyst/PFSI 
interface and at mass transport rates equivalent to those seen in PEFCs. A number of 
methods to mimic or part mimic PEFC conditions have been reported, each with their own 
advantages and disadvantages. 
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1.3.1 Test within a Fuel Cell 
Testing within a PEFC ensures the kinetics of the catalyst are measured in the correct 
conditions. A PEFC can be used with a PFSI membrane with no supporting electrolyte and 
provide very high mass transport of the reactant gases. Therefore, it is the method of choice 
for a number of groups [65-67] to analyse a catalyst’s behaviour during ORR and HOR. 
However, measuring in a PEFC has its disadvantages. Often a two electrode configuration is 
used, the ORR occurring at the cathode and the HOR occurring at the anode. Upon running 
an experiment, both the anode and the cathode reactions are included in the measurement. 
When analysing both electrodes in one measurement, it can become complex or even 
impossible to deconvolute the result into the contributions of each electrode. It is therefore 
difficult to know what is happening on each electrode and to understand exactly what the 
reaction kinetics (potentials) are at the electrode of interest. Hydrogen crossover can result in 
a parasitic current on the order of mA cm-2; this crossover will increase with temperature 
and pressure, adding further complications [22, 67, 68]. Also, it is difficult to minimise a 
concentration gradient of reactants, products and water distribution occurring across a flow 
channel of a PEFC, generally from the inlet to the outlet [22]. Therefore, the current 
distribution across the electrode is most probably inhomogeneous. 
In summary, PEFC testing is required in order to study phenomenon such as water 
management, flow channel effect and hydrogen crossover. But for fundamental studies such 
as the kinetics of the ORR and HOR, they introduce complexities where a simplified system 
would be advantageous. 
1.3.2 Half-Cells with Realistic Fuel Cell Conditions 
The literature contains a number of attempts to create three-electrode electrochemical half-
cells which imitate PEFC conditions, but have the simplicity for accurate fundamental 
measurements [22, 23, 49, 51, 52, 55, 57, 69, 70]. By moving to a half-cell configuration, 
hydrogen crossover can be eliminated and the working electrode can be isolated with a RE. 
Paik et al. [69] used a platinum mesh coated in PFSI in a completely solid-state system (no 
supporting electrolyte) which had the required high mass transport, with gas flow arriving 
from behind the WE gauze. The apparatus is shown in Figure 7. Unfortunately, the system 
suffered from large ohmic and mass transport losses. These had to be corrected in order to 
extract kinetic behaviour. 
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Figure 7. Solid-state electrochemical cell utilising a platinum microelectrode as the WE from Paik et al. [69]. 
Where C is the counter electrode, M is the PFSI membrane, W is the platinum gauze WE, S is a support, P is 
two platinum wires which for a DHE, G are gas inlets and outlets and T is a gasket. 
Later, microelectrodes were used in contact with a PFSI membrane [49, 51, 52, 55, 57], 
eliminating electric and ionic resistances. As a microelectrode was used, gas had to diffuse 
through the membrane, resulting in the same mass transport limitations as an experiment in 
aqueous electrolytes [22]. Also, although a catalyst layer with some structuring can be 
placed on a microelectrode, this is not a true representation of a PEFC catalyst. 
Electrochemical half-cells have been designed [23, 70] which use a WE resembling a catalyst 
layer supported on a GTL. The WEs are laminated to a PFSI membrane, while reactant gases 
are supplied from behind the GTL. The other side of the PFSI membrane is immersed in an 
aqueous electrolyte containing a CE and RE. Therefore, the cells are not completely solid-
state and suffer from some of the limitations described in section 1.2 such as fixed water 
activity, temperature range limited to < 100 °C and the presence of mobile anions. Chen et al. 
[23] studied the ORR, achieving similar results to previous work by this group [22], but 
encountered mass transport limits at potentials lower than 0.6 V vs. RHE, which is possibly 
due to flooding of the catalyst layer by the aqueous electrolyte. 
Kucernak and Toyoda [22] created a half-cell based on the wall jet configuration, herein 
called a solid-state wall jet (SS-WJE). Humidified gases arrive behind the working electrode 
from a wall jet system similar to the WJE described in Section 1.1.1, to achieve high mass 
transport rates, Figure 8. With the CE resting on the other side of the PFSI membrane, no 
aqueous electrolyte was included between the WE and CE. This method was capable of 
measuring the electrocatalytic performance for the ORR across PEFC relevant potentials 
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without mass transport limitations. It was also a three-electrode electrochemical half-cell 
system with an RHE to isolate the WE. The cell has two limitations; the first is the utilisation 
of a bulky RE containing an aqueous electrolyte that is placed to the side of the WE and CE. 
The involvement of aqueous electrolyte limited experiments to < 100 °C. In addition, 
temperature changes caused expansion/contraction of the aqueous electrolyte within the 
RHE. Expansion caused electrolyte to expel from the RHE into the PFSI membrane, which 
could perturb the humidity and ionic conductivity of the PFSI membrane. Contraction 
caused the electrolyte to be sucked back up the RHE, losing of electrical contact. A full 
discussion of the RHE is in Chapter 3. The other limitation was the geometry of the WE and 
its fabrication method. Specifically, the catalyst was supported on a gold grid (Figure 8 a)) 
and therefore does not represent the continuous catalyst layers in a PEFC. 
 
Figure 8. A Diagram (a) and photo (b) of the experimental apparatus used by Kucernak and Toyoda [22]. (a) 
shows the wall jet configuration, where pre-humidified gas flows to the back of the WE from a needle. A gold 
TEM grid was used as the catalyst support and a RHE was placed to the side to complete a three-electrode 
setup. 
1.4 Design of Novel Electrochemical Cell to Replicate Fuel Cell 
Conditions 
In this thesis, a new apparatus designed to replicate PEFC conditions whilst having the 
simplicity of a RDE is described. This apparatus incorporates the key concepts of the 
apparatus used by Kucernak and Toyoda [22] into the design, with all the benefits such as 
high mass transport, using a polymer electrolyte with no supporting electrolyte and the 
ability to control temperature and humidity conditions. The objects the apparatus described 
in this thesis is to measurements the intrinsic catalytic properties ORR on platinum nano-
a)           b) 
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particles in varying temperature, partial pressure and humidity conditions. To achieve this, 
three main concepts were developed: 1) solenoid valves were added for precise control of 
the gases into the electrochemical cell for time domain studies (Chapter 2); 2) a solid state 
reference electrode was developed to be placed in close proximity to the working electrode 
for accurate measurements (i.e. reduced uncompensated resistances) (Chapter 3). Also, this 
removed the only need for aqueous electrolytes and allowed the cell to operate above 100 °C 
and low water activity. 3) A catalyst layer designed to place all the platinum nano-particles 
in an equivalent environment, for uniform behaviour, under the chosen conditions (Chapter 
4). Therefore, an ultra thin catalyst layer was produced with an ultra low platinum loading. 
Thus, all the catalyst particles are close to the PFSI membrane for ionic access, and close to 
the GDL for gas access and an electronic path to minimal internal resistances. These goals 
are discussed in terms of how they influence performance in their relevant chapters. By 
achieving these goals, the apparatus should be a foundation for testing novel PEFC catalyst 
and catalyst supports in realistic PEFC conditions. 
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2 Experimental Apparatus 
The oxygen reduction reaction on PEFC catalysts has been studied extensively in the past in aqueous 
electrolytes, defining the mass transport conditions using the rotating disk electrode (RDE) or other 
hydrodynamic techniques. Unfortunately, these hydrodynamic techniques use different conditions 
compared to a typical PEFC, which contains only solid-state materials and therefore may give 
misleading information when applied to the latter. In this chapter, a novel approach to study the 
oxygen reduction reaction using a three-electrode half-cell composed solely of solid-state materials was 
investigated for the PEFC application. The solid-state materials gave the cell the advantage of being 
able to operate in dry conditions or at temperatures above 100 °C, an area of interest that has rarely 
been possible to explore. 
2.1 Design of the Experimental Apparatus 
Figure 9 shows a schematic diagram to compare the SS-WJE from Kucernak and Toyoda [22] 
to the upgrades made during this project. Both cells are modelled around the wall jet to 
supply gas directly to the WE. The new experimental apparatus includes a custom-made 
PTFE electrochemical half-cell designed to be optically accessible and able to be purged to 
achieve a controlled environment. This cell is mounted on a base with four solenoid valves 
to allow for fast control of the incoming gases. The base has connections for the potentiostat 
and incoming gases for easy setup, while the temperature can be controlled by placing the 
whole cell in an oven. These improvements are described in three main sections below: the 
apparatus and electrochemical half-cell, the temperature control and the humidification and 
gas flow control. 
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Figure 9. A schematic diagram comparing the SS-WJE from Kucernak and Toyoda [22] to the upgrades made 
during this project. 
2.1.1 Apparatus and Electrochemical Half-Cell 
The apparatus with the electrochemical half-cell is shown in Figure 10. The switchboard of 
the apparatus contains the connections for the gas lines and electrical contacts. This allows 
the cell to be setup within the apparatus, for easy assembly and the possibility to move the 
apparatus without having to dismantle the cell. The potentiostat can then be attached to the 
switchboard. Gases into the cell are controlled by four solenoid valves (Bio Chem Fluidics, 
040T412-32-5P) which have a response time of 5 × 10-3 s and are placed very close to the cell 
to ensure fast response times for switching of gases. The solenoid valves can be switched on 
or off manually, or controlled through an interface to the potentiostat with some custom 
made electronics1. Manual control involves using a switch to apply a current to open the 
valve. Interfaced with the potentiostat, the valves can be opened or closed within the 
potentiostat software (Gamry Framework version 5.50). However, due to the limitations of 
the software, the valve change program could be activated only between programs (e.g. a 
potential scan) and not during a program. To enable gas changes to occur in the middle of 
an operation and to know the precise time in which the gases were changed, a delay circuit 
was constructed. The delay circuit is able to delay the signal between 0.1-9.9 s and feed a 
signal back to the potentiostat when the change occurred. This enabled the time of a gas 
                                                     
1 Built by Steve Atkins and Anthony Kucernak, Imperial College London SW7 2AZ. 
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change to be known to a precision of 10-3 s. In this way, a potential or current could be 
applied under one gas with enough time for stabilisation. Then, depending on the length of 
delay, the gas could be switched mid-program to provide another gas. Only two solenoid 
valves were used, one for nitrogen and the other for either hydrogen or oxygen on separate 
occasions. 
 
Figure 10. A picture of the apparatus with the half-cell shown white at the top and the gas lines going through 
the solenoid valves at the bottom mounted on an x, y and z moveable base. A switchboard is on the side for 
easy setup and movability. The connections for the WE, CE and RE are highlighted. 
Once the gas has passed one of the four solenoid valves, it is directed into the 
electrochemical cell via a wall jet system described in Section 2.1.2. The wall jet sits on an x, y 
and z movable stage (Photon Control, micro-positioning, 1 cm travel in the x, y and z 
direction) for precision control of the gas inlet so it can be aligned easily to the WE. 
2.1.1.1 Electrochemical Half-Cell  
The electrochemical half-cell is made of PTFE, an inert material, with a glass slide at the top 
and a polycarbonate slide at the bottom, see Figure 11.  This allowed maximum visibility 
into the cell for the possibility of in-situ optical measurements such as Raman spectroscopy. 
The polycarbonate slide has a hole for the wall jet inlet to enter the cell. Inside the cell, the 
membrane electrode assembly (MEA) can be seen with the electrode in the middle, and a 
gold grid counter electrode at the back. The cell was purged from a port at the side which 
created an inert atmosphere around the MEA and kept the conditions with the cell constant 
Half-cell 
Solenoid valves 
x,y,z movable base 
Switchboard 
WE 
RE 
CE 
 Experimental Apparatus 
 
Page | 48 
throughout the experiment. The humidity of the purge gas was controlled in the same way 
as the gases going through the wall jet, explained below, to humidify PFSI membrane before 
and during experiments. 
 
Figure 11. The cell with its PTFE hull and polycarbonate window (bottom view). 
The MEA consists of working, reference and counter electrodes stacked on top of each other 
with a polymer electrolyte in-between each layer as shown in Figure 12. To fabricate the 
MEA, first the RE was sandwiched between two PFSI sheets and hotpressed together 
(Details in Chapter 3). Next, the working electrode (described in Chapter 4) was hotpressed 
at 6 × 103 kPa and 130 °C for 240 s to the PFSI membrane sandwiched RE. The gold mesh CE 
(Goodfellow, AU008710, 99.9 % purity) was placed above the MEA in the cell and pushed 
into contact by the pinching action of the lid of the electrochemical cell and the wall jet 
pushing up into the cell. The electrochemistry in this cell design is analysed in detail in 
Chapter 5. To view the cross section of the MEA, the MEA was first frozen in liquid 
nitrogen, then cutting in half with a scalpel. This cross section was imaged with a scanning 
electron microscope (SEM JSM5610LV)2. 
                                                     
2 SEM images taken with the help of Mahmoud Ardakani, Imperial College London, SW7 2AZ. 
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Figure 12. A diagram of the electrode assembly; a) represents the coarse gold mesh counter electrode, b) the 
reference electrode explained in Chapter 3, c) Nafion® membranes and d) the working electrode in Chapter 4. 
2.1.2 Wall Jet Configuration 
A needle (Becton Dickinson, 0.072 cm diameter, 4 cm length) polished flat and surrounded 
by a capillary tube (Plowden & Thompson LTD, Soda glass, 3 × 0.3 cm length and diameter, 
respectively with a 0.2 cm inner circle diameter) formed the wall jet. This wall jet was 
pressed into contact against the back of the working electrode, Figure 13, with the end of the 
needle 0.23 cm away from the WE. Humidified gases were supplied through the needle, and 
exited through the capillary tube. Typical gas flow rates were around 1.67 cm3 s-1 
(0.1 l min-1). 
 
Figure 13. A diagram of the wall jet configuration; a) a stainless steel needle as the jet, b) a glass tube to 
outline the reaction chamber and direct the gas away from the electrode and c) is the electrode assembly in 
Figure 12 shown from underneath. 
d) 
b) 
c) 
a) 
c) 
a) 
b) 
c) 
 Experimental Apparatus 
 
Page | 50 
2.1.3 Temperature control 
The complete cell and apparatus can be placed in an oven (Binder, FP 115) to vary the 
temperature of the cell up to 120 °C. The wires and gas lines enter the oven from the side 
and plug into the switchboard on the apparatus. All wires are Tefzel® wrapped cable (RS 
components) to stop heat damage and a temperature resistant socket (Lemo®, 
FGG.0B.305.CLAD52Z and PHG.0B.305.CLLD52Z) is used on the switchboard. The gases are 
pre-heated before going into the oven to avoid cooling of the cell; heating is explained below 
with the gas humidification system. 
2.1.4 Humidification and Gas flow 
Two gas lines were used, although the cell is built with the capability of four gas channels. 
All the gases were of the highest purity: hydrogen (Air products, BIP plus), oxygen (Air 
products, UltraPure Plus) and nitrogen (Air products, BIP plus), details of contaminants in 
Table 2. These gas cylinders were used with 6N rated regulators (GCE DruVa, FMD 532-18). 
When used, air was supplied from a compressor (BAMBI, VTS150D). The gases were 
supplied to the cell as shown in Figure 14. 
Table 2. A table to show the standard specification of gases used in this study. Taken from Air products [71]. 
Gas Grade 
Impurities / ppm (molar) 
H2O O2 THC* CO + CO2 N2 H2 
Nitrogen BIP Plus (6.8) 0.02 0.01 0.05 0.05 N/A 0.05 
Oxygen 
UltraPure Plus 
(5.8) 0.5 N/A 0.1 0.1 0.4 0.1 
Hydrogen BIP Plus (6.6) 0.02 0.1 0.05 0.05 0.2 N/A 
*Trace hydrocarbons (THC) measured as  CH4 
     Gas inlet lines are assembled with 0.635 cm (1/4”) OD PTFE tubing (Polyflon, 4100318159) 
before the humidification system and 0.159 cm (1/16”) OD PTFE tubing (Omnifit®, 008T16-
050-20) and connectors (Omnifit® Gripper with PTFE ferrules) after. First, the gases are 
filtered using a 0.2 μm porous filter (Cole-Parmer, EW-02915-28). Then the flow rate is 
measured with a rotameter (GPE Scientific Ltd, 0 – 4 cm3 s-1) and controlled with a needle 
valve. Next the gases are humidified with a membrane exchange humidifier (Perma Pure, 
MH-070-12 series Moisture Exchanger), Figure 15 [72]. The humidifiers use a PFSI tube 
within a PTFE tube, the gas flows down the inner tube while water resides between the 
inner and outer tube. The water enters the gas stream through the PFSI membrane to 
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humidify the gas. In this way, the introduction of any areas of dead-volume or fluctuations 
in pressure are minimised. 
 
Figure 14. A diagram to represent the gas flow route from the cylinder through a pressure controller, mass 
flow meter, gas humidifier, solenoid valve to the cell. 
A closed reservoir supplies deionised water to the gas humidifier while a valve was placed 
on the other end of the humidifier for flushing out the system. The humidifier was heated to 
20 °C above the cell temperature to saturate the gas stream with water vapour [73] (40 °C for 
room temperature experiments). A PID controller (Omron, E5GNQ1TC100240AC) with a 
thermocouple (RS, 621-2158) placed in contact with the humidifier set the temperature by 
applying a potential across a nichrome wire (RS, 714-1739, 200 cm long, 0.05 cm diameter, 
11.4 Ω) in a fibreglass sleeve (SPC Technology, GSX-S20-1100-NAT). This heating element 
was coiled around the humidifier and wrapped in a layer of insulation (RS Components, 
4176763, Superwool 607 MAX). The high resistance wire and insulation was also wrapped 
around the gas lines leading to the cell apparatus to keep the tubes at the same temperature 
and prevent water condensation. 
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Figure 15. A diagram of the humidification system from perma pure LLC online manual [72], including the 
Nafion® membrane, heating sleeve and de-ionised water. 
2.2 Results and Discussion 
The new cell was designed to examine a catalyst layer under realistic PEFC conditions while 
maintaining simplicity for accurate fundamental kinetic studies of the ORR. Below, the 
design is discussed in terms of the wall jet configuration, the gas control into the cell, and 
the membrane electrode assembly. The electrochemistry is discussed in Chapter 5. 
2.2.1 Wall Jet Configuration 
The humidified gases were supplied from the underneath of the MEA directly to the WE 
from a wall jet. The gases flow up through the needle, then down the inside of the glass tube 
with minimal dead volume. It was important that the flow rate supplies enough reactant gas 
to the electrode to mitigate mass transport effects. Typically, PEFC performance tests apply a 
stoichiometric ratio of approximately 1.2 to 2 moles of gas supplied per number of moles of 
gas needed to achieve the current density [58, 64]. A flow rate of 1.67 cm3 s-1 was used to 
supply reactant gas to the working electrode. Although this is a relatively slow flow rate, the 
inner area of the capillary tube compensates by being very small. To quantify this, the 
frequency of gas change close to the electrode can be calculated in terms of space velocity, 
Equation 14 [74]. 
   
 
 
 
 
  
 (14) 
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Where SV is the space velocity or turnover of gas in the reaction chamber, τ is the residence 
time (s), Q is the volumetric flow and V is the reaction chamber volume. The reaction 
chamber volume is outlined by inner area of the capillary tube and the depth from the tip of 
the needle to the bottom of the electrode, as this is the region where gas mixing is expected 
to occur.  This reaction chamber volume is 0.0072 cm3. With a flow rate of 1.67 cm3 s-1, the 
space velocity is estimated at 230 s-1. High space velocities allow time domain studies on the 
catalyst layer such as poisoning the catalyst with short bursts of CO. As can be deduced 
from Equation 14, it is important to keep the reaction chamber as small as possible to allow 
for large space velocities. Using the ideal gas law (Equation 15) at standard ambient 
temperature and pressure, the quantity of gas in the reaction chamber at any given time is 
2.9 × 10-7 mol. 
       (15) 
Where P is pressure at 100 kPa, R is the gas constant, T is temperature at 298 K and n is the 
number of moles of gas. By assuming this wall jet follows typical wall jet behaviour, 
Equation 10 on page 35 can be used to calculate the expected limited current. For the gas 
properties, DO2 = 0.219 cm2 s-1 for oxygen through nitrogen (assumed as similar to oxygen 
through oxygen) at 20 °C [75], υ = 0.159 cm2 s-1 [75] and c∞ = 4.04 × 10-5 mol cm-3 calculated 
from the ideal gas law (Equation 15). For the wall jet system, k is assumed to be unity (1) 
[20], a = 0.036 cm and r0 = 0.1 cm. For the ORR (z = 4), the mass transport limited current 
obtainable from this flow rate is 8.72 × 103 mA or 278 × 103 mA cm-2Geo for a 0.2 cm diameter 
catalyst layer, Table 3. Considering a 1 × 103 mA cm-2Geo current density for a well designed 
PEFC running on pure oxygen, this wall jet configuration has the capability to achieve a 
stoichiometric ratio of 278, well above standard PEFC testing stoichiometries and therefore 
able to keep the concentration of oxygen essentially constant across the entire working 
potential range of a PEFC. This calculation does not take into account the diffusion layer of 
the WE, which will reduce the expected limited current; however, this flux was very 
adequate to keep the concentration of reactant behind the WE essentially constant. 
Discussion on the additional diffusion layer from the WE is discussed in Chapter 4. For air, 
the mass transport limiting current was still relatively high at 1.83 × 103 mA or 
58.3 × 103 mA cm-2Geo, when c∞ = 4.04 × 10-5 mol cm-3 and the same diffusion coefficient is 
assumed, Table 3. 
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Table 3. A table to show the calculated mass transport limiting currents from the wall jet equation (Equation 
10) for oxygen and air. 
Gas 
Limiting current 
/ mA 
Limiting Current Density 
/ mA cm-2 
Oxygen 8.72 × 103 278 × 103 
Air 1.83 × 103 58.3 × 103 
2.2.2 Contamination 
Although high stoichiometries are beneficial for avoiding mass transport limitations and 
achieving high space velocities for time domain studies, they also have the negative 
consequence of flowing more impurities over the electrode surface. The effect of 
contaminants is increased so even low concentrations of contaminants can become 
noticeable. Table 2 shows a list of the ultra high purity gases used in this study which 
contains impurities in the parts per billion range. As an example of the possible impact of 
impurities at the stoichiometries used, the CO impurity is considered as it is a strong 
adsorbent on platinum [76]. The concentration of CO is assumed to be 0.05 ppm (half that of 
the combined CO and CO2 concentration) in the oxygen; this is equivalent to 
2.0 × 10-12 mol cm-3 concentration from the cylinder. With a volume of 0.0072 cm3, the 
reaction chamber will contain 1.5 × 10-14 mol of CO at any given time. After one hour at a 
space velocity of 230 s-1, 1.2 × 10-8 mol (n) of CO will have travelled through the reaction 
chamber. Using Equation 16, 
      (16) 
and the fact that the oxidation of CO is a 2 electron reaction (z), the charge associated with 
this quantity of CO over 1 h (Q) is 2.3 × 10-3 C. The charge density per monolayer of CO on 
the surface of platinum is well documented in the literature [77] at 420 × 10-6 C cm-2. 
Therefore, just over 3600 s (1 h) enough CO will flow through the reaction chamber to 
poison a catalyst layer with a surface area of 5.6 cm2. This is an overestimate as it assumes all 
the CO adsorbs and remains on the surface of the catalyst, but does highlight the 
contamination problems when moving to high flow rates, especially for low loading catalyst. 
This same contamination of CO also applies for the other impurities such as THC (trace 
hydrocarbons). Future work may be needed to assess the poisoning of the electrode by 
adventitious CO present in the H2 gas stream or an alternative source of CO-free hydrogen 
(e.g. from an electrolysis cell) may be required. 
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2.2.3 Gas Change Transients 
With four solenoid valves controlling four gas lines to within 5 × 10-3 s and a high space 
velocity in the cell, the gases can be mixed or introduced at different periods very precisely. 
This gives complete control over the gases entering the cell and the possibility to carry out 
time domain studies, such as the removal of a pre-adsorbed adlayer. Upon switching 
between gases, the time taken for one gas to replace another completely in the reaction 
chamber is important. The theoretical speed of gas change can be calculated using Equation 
17 [74]. 
   
  
           (17) 
Where ct is the concentration of gas at time t, ct=0 is the concentration of this gas at t = 0, k is 
the reaction rate constant and τ is the residence time for that particular gas. The reaction rate 
constant is the depletion rate and can be replaced with the space velocity (SV) in this case to 
give Equation 18. As the flow is continuous, the residence time can be replaced with time (t). 
   
  
             (18) 
For a gas change, the initial concentration in the reaction chamber for one species is 100 %. 
At a space velocity of 230 s-1, 99 % of the volume will contain the new gas species after 
2.0 × 10-2 s, 99.9 % after 3.0 × 10-2 s and 99.99 % after 4.0 × 10-2 s. 
With precise control of the solenoid valves to within 5 × 10-3 s, this theoretically calculated 
quick gas change should be possible in the electrochemical cell. Figure 16 and 18 show 
current density transients of the WE at 0.6 V vs. RHE (black line) during a switch of the 
valves. The valve switch consists of one solenoid valve going from open to close and the 
other from close to open simultaneously. The red line shows the feedback signal to register 
the change in the valve state with a change in voltage. The gases were supplied at 
1.67 cm3 s-1 to provide the high space velocity of 230 s-1. The WE consists of a 6 μgPt cm-2 
Pt/C catalyst layer on a gold sputtered polycarbonate membrane as described in Chapter 4. 
This electrode has a roughness factor of 4.5 and a geometric area of 0.031 cm2. Figure 16 
shows the current transient from the inert gas (nitrogen) to oxygen. The current density 
remains close to zero with the inert gas, as expected with no reactants present. At 1.92 s, it 
rapidly increases to 2.50 mA cm-2Spec (0.35 mA). The current density reaches 95 % of the final 
signal within 0.1 s and 99 % within 0.24 s (grey box in Figure 16). This is 12 times longer than 
the calculated rate of concentration change within the reaction chamber which is within 
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2.0 × 10-2 s. The extended length of time was probably due to geometric affects of the wall jet 
causing turbulence at short time constants and diffusion through the WE (as oppose to 
convection) at long time constants. 
 
Figure 16. Shows the current density of an electrode under potentiostatic control upon switching gases from a 
purge (nitrogen) to oxygen. Potential at 0.6 V vs. RHE converted from an IORE. Solenoid signal shows an 
arbitrary voltage representative of which valves are open. The grey box represents the time for the current 
density to reach 99 % of the final signal. 
To compare the space velocity of the reaction chamber at short time transients (< 0.001 s) the 
curve of Figure 16 can be fitted to Equation 19, a rearrangement of Equation 18. 
   
  
    
         (19) 
Where the concentration (C) has been substituted for the current density (j). The gradient of 
the linear section of the curve presents a space velocity of 145 s-1. This space velocity is about 
60 % of the theoretical value; the reduction is probably due to geometric effects such as 
turbulence in the reaction chamber. At times > 0.01 s, the curve starts to deviate as diffusion 
through the WE component becomes predominant. The WE along with its structure and 
diffusion properties is discussed in Chapter 4. In conclusion, the current can change from an 
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inert gas (nitrogen in this study) to a reactant, achieving 95 % of the final stable current 
density within 0.1 s. 
 
Figure 17. Shows the natural logarithm of j/jt=0, at short time transients from Figure 16, the red line fits the 
linear region. 
Figure 18 shows the reverse of Figure 16, switching from oxygen to nitrogen. The current 
density starts at 2.55 mA cm-2Spec for the ORR for this electrode. Upon switching the valves, 
the current drops to almost zero. With the switch from the reactant to the inert gas, a longer 
lag time is observed, with 95 % of the final current reached at 0.52 s and stabilises at less 
than 1 s. Even with this increased lag time, this is substantially faster than what can be 
achieved in hydrodynamic systems involving aqueous electrolytes [37, 44]. This increased 
lag time suggests there must be residual oxygen in the system, which takes longer to clear 
than that in the reaction chamber. This is believed to come from dissolved oxygen in the 
PFSI membrane. 
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Figure 18. Shows the current density of an electrode under potentiostatic control upon switching gases from 
the reactant oxygen to nitrogen. Potential at 0.6 V vs. RHE, converted from an IORE. Solenoid signal shows an 
arbitrary voltage representative of which valves are open. 
To determine if the lag time is residual oxygen dissolved in the PFSI electrolyte, two MEAs 
with different electrolyte thicknesses were tested. The first at 100 μm (1), constructed by 
bonding two Nafion® 212 membranes together and the second at 175 μm thick (2) from 
bonding a Nafion® 212 and 115 together. Figure 19 shows the transients from these two 
MEAs from the oxygen to nitrogen valve change. The thicker PFSI membrane takes longer to 
reach a steady current and the steady current is more reductive than for the thinner 
electrolyte. This is expected as there is more electrolyte for oxygen to dissolve into, which 
would result in more residual oxygen leaching out to the WE at a longer time constant. The 
third curve corresponds to the expected current transient if no dissolved oxygen was in the 
PFSI membrane, reaching 95 % of the final signal within 0.1 s as in Figure 16. This was 
calculated by normalising the transient from nitrogen to oxygen (Figure 16) to the switch 
from oxygen to nitrogen. 
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Figure 19. Current density transients of the electrode held at 0.6 V vs. RHE after the gas is switched from 
oxygen to nitrogen at t = 0. (1) is the transient from Figure 18 with an electrolyte thickness of 100 μm, (2) is the 
transient with an electrolyte thickness of 175 μm and (3) is the expected behaviour if no oxygen is dissolved in 
the PFSI membrane. The potential was measured with an IORE and converted to the RHE scale. 
Figure 20 compares the two electrodes with different PFSI membrane thicknesses from 
Figure 19 to Cottrell behaviour (green line) of oxygen diffusing from the membrane. The 
Cottrell behaviour was calculated using Equation 20. 
  
       
   
 (20) 
Where i is the current, the diffusion coefficient of oxygen (D) through hydrated Nafion® is 
2.8 × 10-6 cm2 s-1 [78], the concentration of oxygen in hydrated Nafion® (c∞) is 
7.20 × 10-6 mol cm-3 [79], the area of the catalyst (A) is taken as the geometric surface area of 
0.031 cm2 (see Chapter 4) and t is the time from the switching of gases. The current (i) was 
then converted to specific current density (J) by multiplying by the specific surface area of 
0.14 cm2. To eliminate the contribution from the oxygen in the wall jet component (curve (3) 
in Figure 19), this has been subtracted from the two experimental curves. The remaining 
current density contribution should be by diffusion of oxygen from the PFSI membrane. As 
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the current density from the wall jet is significant for the first 0.02 s, the graph has been 
limited to > 0.02 s (> 7 s-½) to remove these contributions. The Cottrell calculated curve does 
not model the experimental behaviour well, with an overestimated current density, See 
Table 4 for values. This is most probably due to the assumed infinite electrolyte above the 
electrode, compared to the finite thickness of the electrolyte in the MEA. Other factors which 
could cause this overestimate are that the PFSI membrane is not fully hydrated during this 
experiment, causing the concentration and diffusion coefficient of oxygen in the PFSI 
membrane to be reduced. In addition, there is a convective flow around the WE, both within 
the wall jet and in the purgeable area of the electrochemical cell. These convective flow 
regimes make less than ideal conditions for Cottrell diffusion behaviour. 
 
Figure 20. Steady state diffusion of oxygen through a PFSI membrane, showing ideal Cottrell behaviour (blue 
line) compared to experimental current time transients of the two catalysts with different membrane 
thicknesses (black for 100 μm and red for 175 μm) from Figure 19. 
By integrating the area under the curves in Figure 19 (0 < t < 3 s) and subtracting the area 
under the curve of the expected transient without oxygen dissolved in the PFSI membrane 
(curve (3)), the charges associated with reducing residual oxygen are 53 and 149 × 10-6 C for 
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the 100 and 175 μm thick electrolytes, respectively. Using the Faraday equation (Equation 
16) for the ORR where n = 4, this charge corresponds to 1.4 and 3.9 × 10-10 mol, respectively, 
of oxygen reduced on the electrode, shown in Table 4. For the Cottrell equation, the charge 
associated from the predicted diffusion of oxygen from the PFSI membrane is 280 × 10-6 C, 
equating to 7.3 × 10-10 mol of oxygen. For the volume of electrolyte used in the thin and thick 
electrolytes, the estimated amount of dissolved oxygen is about 22.6 × 10-10 and 
39.6 × 10-10 mol, respectively. This was calculated using the thicknesses of the electrolytes, 
the geometric area of the catalyst layer and a concentration of oxygen in Nafion® of 
7.2 × 10-6 mol cm-3 (20 °C) [79], see Table 4.  
Table 4. Concentration of oxygen in the polymer electrolyte calculated from the area of electrolyte and the 
charge under transients in Figure 18. 
Properties 
Thickness 
/ μm 
Volume of PFSI 
× 104 / cm3 
Quantity of O2  × 1010 / mol 
From area Under curve 
N212 × 2 100 3.14 22.6 1.4 
N117 + N212 175 5.50 39.6 3.9 
Cottrell Infinite - - 7.3 
 
The quantity of oxygen calculated from the reductive current is about 10 % of the quantity of 
oxygen expected when the PFSI is saturated. This is most probably due to two reasons. The 
cell was continuously purged with nitrogen, which could have reduced the concentration of 
oxygen in the PFSI membrane to below the saturation concentration. Also the short current 
collection time of 3 s will cause a reduced quantity of oxygen to be measured, as shown by 
the amount of charge calculated from the Cottrell equation. Using Equation 21, the diffusion 
time (τ) of oxygen through the PFSI membrane can be calculated with respect to the path 
length (l) and diffusion coefficient (D). The diffusion coefficient of oxygen through well 
hydrated Nafion® is 2.8 × 10-6 cm2 s-1 [78]. 
  
  
  
 (21) 
For the 100 and 175 μm thick electrolytes τ = 18 and 55 s, respectively. These are long 
diffusion times with respect to the time frame shown in Figure 19 and may explain why only 
a small percentage of the expected oxygen concentration was measured at the WE. Even 
with the reduced quantity of oxygen diffusing out of the PFSI membrane, the thickness of 
the PFSI membrane still has an effect on the lag time, with a thinner membrane achieving a 
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stable current quicker. To keep this lag time as short as possible, the volume of PFSI 
available for oxygen to dissolve into should be kept to a minimum by using thin PFSI 
membranes. However, the thickness must be greater than 100 μm, otherwise the RE and CE 
are packed too close together and will perturb the potential distribution on the WE 
(discussed in Chapter 3). Another method to reduce the lag time would be to introduce a 
flow of inert gas at the CE side, causing a concentration gradient across the PFSI membrane 
to draw out dissolved oxygen. This would be an improvement from the purge at the WE 
side, where the oxygen would have to diffuse through only the thickness of the PFSI 
membrane and not laterally (estimated at a distance of 0.05 cm). 
2.2.4 Membrane Electrode Assembly Geometry 
A scaled diagram of the MEA in Figure 21 shows the WE, RE, CE and PFSI membrane. The 
WE, described in Chapter 4 is designed with an ultra-thin (≤ 1 μm) catalyst layer supported 
on a gold sputtered porous polycarbonate membrane. This catalyst layer can have the form 
of anything used in a PEFC, for example: Pt/C, platinum black or sputtered platinum 
(platinum being used as an example metal). A RE is utilised to isolate the WE as the 
electrode under study, built completely from solid-state materials. These materials are a 
gold grid coated in a reference active material, either palladium or iridium oxide. It can be 
placed in-between the WE and CE, encased in the PFSI membrane. It is also capable of 
operating at elevated temperatures (> 100 °C) and with no liquid electrolyte; it will not affect 
the humidity of the polymer electrolyte. Its fabrication and positioning is described in 
Chapter 3.  The counter electrode is a coarse gold mesh, with the bars shown running out of 
the page in Figure 21. This counter electrode is pressed against the lid of the electrochemical 
cell, with no gas flow. As it is a CE in a three-electrode electrochemical cell and not an anode 
supplied with hydrogen, there will be no hydrogen crossover. The PFSI membrane consists 
of two Nafion® 212 membranes hotpressed together. This MEA is designed for simplicity 
and to enable accurate fundamental kinetic studies of the ORR and HOR in a solid-state 
device. It does not need any supporting electrolyte, allowing the investigation of the 
catalyst/PFSI membrane interaction. 
GDL 
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Figure 21. Diagram of the MEA used in this study, drawn to scale. The CE, RE, WE and PFSI membrane are 
shown along with the shortest and longest distance for the protons to travel. 
Figure 22 shows an SEM image of an MEA cross section, with the gold grid reference 
electrode sandwiched between two PFSI membranes and the working electrode bonded to 
the bottom. The CE is not in the picture as it is not bonded to the MEA during preparation, 
but is pushed into contact with the MEA in the electrochemical cell. The WE is very thin and 
is strongly bonded to the PFSI membrane, but the two PFSI sheets have parted around the 
gold grid. This could be due to damage during freezing or cutting of the sample. Due to the 
malleability of gold used in the RE, the sample could not be freeze fractured. To verify if it is 
damage caused by preparation, a future sample should be prepared through an alternative 
technique such as taking a microtome. However, this separation could also indicate that the 
two PFSI membranes have not bonded together during the preparation of the MEA. Two 
possible improvements to the MEA preparation procedure to achieve a strong bond between 
the two PFSI membranes are: (1) to hotpress the PFSI membranes together at a higher 
temperature to allow them to fuse more thoroughly, i.e. 140 - 160 °C. In this project, the PFSI 
membranes were heated to 130 °C for 240 s, above the glass transition temperature of 109 °C 
[80]. (2) to repeatedly dip the gold grid RE into Nafion® solution to build up a layer of recast 
Nafion® within the gold grid holes so that upon hotpressing a more continuous bond 
between the PFSI membranes is achieved. As can be seen, the structure of the MEA is very 
similar to a PEFC MEA, with a catalyst supported on a GTL in direct contact with a PFSI 
membrane. This is advantageous for studying the catalyst kinetics of the reactions occurring 
in a PEFC. The key differences between this MEA in Figure 22 and a typical PEFC MEA are 
its simpler structure and the addition of a RE (Chapter 3) to isolate the WE as the electrode 
Gold mesh CE PFSI Electrolyte 
Gold grid RE WE: catalyst layer at 1 μm 
thick on a polycarbonate 
support 
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under study. The WE is only 11 μm thick, with a thin catalyst layer supported on a thin GTL 
compared to the complex three layer of a PEFC catalyst (MTL, MPL and catalyst layer) with 
a total thickness of 400 μm, discussed in Chapter 4. 
 
Figure 22. Cross section of the MEA taken by SEM; Showing the different layers, the reference electrode 
sandwiched between two Nafion® 212 membranes and the working electrode bonded at the bottom. 
2.2.5 Geometry of the CE 
The gold grid counter electrode was first implemented with the aim to carry out in-situ 
Raman experiments. Therefore, a grid with an open structure was chosen so that the laser 
could be shone through the grid holes. This grid has 60 μm bar size and a 250 μm gap in-
between, giving a 65 % nominal aperture. Unfortunately, the thickness of the PFSI 
membranes used this study (105 μm) are substantially thinner than the gap in the CE. Figure 
21 shows a scaled diagram of the MEA cross section used in this study. The pathway for a 
proton to travel from the WE to the CE could be substantially different depending on where 
it starts on the WE. A proton created directly below a bar of the CE would travel 105 μm 
whereas a proton created at the WE positioned in the middle of two bars of the gold mesh 
would travel 163 μm, this is 55 % further. This would cause an uneven potential distribution 
at the WE surface, consequently hindering kinetic measurements of the catalyst, especially at 
higher current densities. To achieve an isotropic potential across the catalyst layer, the path 
length needs to be equivalent across the WE. To attain a path difference of less than 5 %, a 
polymer electrolyte thickness of 405 μm would be needed. This could be fabricated using 
two Nafion® 117 membranes above a Nafion® 212 membrane and the gold grid RE. Another 
PFSI membranes 
Gold grid reference electrode 
Working electrode 
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way to solve this problem would be to decrease the distance between the bars to below 65 
μm or to use a continuous CE. A future idea for an improved CE includes using a platinum 
and iridium sputtered GTL. With hydrogen evolution facile on platinum and oxygen 
evolution facile on iridium, these two metals should act as good counter electrode materials 
for the HOR and ORR. 
2.3 Conclusions 
The apparatus was based on the wall jet configuration to supply reactants to the WE and 
was adapted for a solid-state electrochemical cell. The wall jet has the ability to supply gases 
to the back of the WE with a space velocity of 230 s-1. An experimental space velocity of 
145 s-1 was achieved. For oxygen and air, this space velocity gave a calculated current 
density as high as 278 × 103 mA cm-2Geo and 58.3 × 103 mA cm-2Geo. This value will be reduced 
on the addition of an additional diffusion layer from the WE; however, the flux was very 
adequate to keep the concentration of reactant behind the WE essentially constant, without 
depletion at high overpotentials. Providing the GDL in the WE does not greatly limit the gas 
diffusion, enough reactant gas should arrive at the electrode to allow the kinetic region of 
the ORR, across all FC relevant potentials, to be measured. The additional GLD in the WE is 
discussed in Chapter 4 and its performance is discussed in Chapter 5. 
Advancements in the previously reported experimental apparatus in [22] were made which 
created a more reliable cell, which was easier to handle and setup. This included a new cell 
made from PTFE which was purgeable, and had a glass window for optical access. The gas 
control was improved by the addition of solenoid valves at the base of the wall jet and the 
MEA was altered for accurate kinetic studies of the catalyst nano-particles. The possibility to 
purge the cell increased the repeatability of the results, by keeping the cell conditions 
constant throughout operation. The glass window allowed correct alignment of the wall jet 
to the catalyst layer on the WE. 
By using the wall jet configuration with a combination of solenoid valves, the apparatus was 
able to switch gases under well defined conditions with very short transient times. For the 
exchange from nitrogen to oxygen, this exchange occurred to 95 % within 0.10 s, while from 
oxygen to nitrogen took 0.52 s. Although the oxygen to nitrogen changeover has a longer lag 
time before a stable current density was reached, this was still substantially quicker in 
comparison to previous literature (> 1 s) [37, 44]. The lag was believed to be due to residual 
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oxygen dissolved in the polymer electrolyte and can be minimised by reducing the thickness 
of electrolyte. Practically, this was limited to 100 μm. A future improvement would be to 
flow an inert gas over the CE side of the electrolyte to assist in the removal of residual 
oxygen in the electrolyte. 
The MEA was designed to put a catalyst layer through all conditions experienced in a PEFC, 
while remain simple to analyse. The similarities to a PEFC MEA include using a PFSI 
membrane with no supporting electrolyte to achieve a catalyst/PFSI interface. With no 
electrolyte involved, the cell can run experiments at the full range of humidities, from dry to 
saturation and go to temperatures above 100 °C, an area of interest that has rarely been 
possible to explore. The catalyst layer can also be modified to contain catalysts and supports 
typically used in PEFCs. However, this study concentrated on producing a catalyst layer 
designed for kinetic analysis of platinum nano-particles. These differences include: using a 
three-electrode electrochemical cell, with the introduction of a solid-state RE to isolate the 
WE as the electrode under study; the CE is a simple gold grid, without hydrogen flowing 
over to remove hydrogen crossover; and the catalyst layer was designed to be ultra thin; to 
form a catalyst layer where all the platinum particles are in equal and optimum conditions. 
During the course of this study, complications arose with the structure of the CE leading to a 
non-isotropic potential across the WE and bonding of the two PFSI membranes across the 
RE possibly causing a large ionic resistance. Therefore, future work to overcome these two 
issues should include: 
 A more complete CE to achieve an isotropic potential across the WE even with very 
thin electrolytes (100 μm). This will comprise of a platinum and iridium sputtered 
GTL with a MPL. 
 The bond between the two PFSI membranes between the gold grid RE will be 
investigated to attain a continuous ionic path. Two pathways to achieve this include 
coating the gold grid with solution ionomer to fill the gaps before the hot-press step 
and increasing the temperature of the hot-press step to 140 – 160 °C. 
Additional suggestions to advance the performance of this apparatus include: 
 A new design of the cell to incorporate a flow stream for gas at the CE side. This will 
enable the PFSI at the CE side to be purged, removing excess reactant which diffuses 
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in at the WE side. This should reduce the reactant (oxygen) to purge (nitrogen) gas 
lag time. 
 To assess the poisoning of the electrode by adventitious CO present in the gas 
streams at the high space velocities available in this system. 
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3 Solid-State Reference Electrodes 
In order to perform three-electrode cell experiments precisely, a suitable reference electrode (RE) is 
needed. In this chapter, the requirements and positioning of a reference electrode are discussed and 
two possible reference electrodes, able to be incorporated into the solid-state electrode assembly, are 
described. 
3.1 Introduction 
3.1.1 Reasons for a Reference Electrode 
A practical electrochemical cell (fuel cell, battery etc) has two electrodes. For example, the 
oxygen reduction reaction (ORR) occurs at the cathode and the hydrogen oxidation reaction 
(HOR) at the anode in a PEFC. During these reactions, charge transfer takes place from the 
catalyst to the reactant (oxidation) or from the reactant to the catalyst (reduction). The 
reactions will cause a potential difference between the catalyst (m) and the electrolyte (e) [18] 
which can be represented by the term ΔUm/e, Equation 22. 
            (22) 
When assessing the reaction through the two electrode circuit, the measured potential 
(E(measured)) results from a contribution of both the anode (ΔUm/s(A)) and cathode (ΔUm/s(C)) 
interfaces, Equation 23 [18]. 
                              (23) 
This is adequate when analysing the complete fuel cell performance; for example to produce 
a current/voltage (I-V) curve. In a two electrode cell, it is not possible to determine the 
potential drop across each interface independently. A third electrode or reference electrode 
is needed to measure the interfacial potential difference at either the anode or the cathode 
separately[17]. The electrode under study is called the working electrode (WE) and the other 
electrode is called the counter electrode (CE) or auxiliary electrode. In this case, the 
measured potential is between the WE and the RE, Equation 24. 
                                (24) 
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The RE is used to provide a fixed potential which can be expressed as a constant. Equation 
24 can be re-arranged to Equation 25 and the potential of the WE can be measured [18] 
relative to the RE. 
                               (25) 
If the potential of the RE is known, the potential across the WE can be calculated directly 
from Equation 25. One common RE is the standard hydrogen electrode (SHE), Equation 26.  
By convention, the potential of the SHE, is zero volts [18]. By using this conventional 
reference, it is possible to relate other REs’ potentials to the SHE to allow experiments using 
different REs to be comparable [17]. 
Platinum:               
 
 
   E
Ѳ = 0 V (26) 
3.1.1.1 Criteria for a Reference Electrode 
A good RE complies with a number of criteria [17, 81]: first, a constant and stable potential 
that is independent of current density and unaffected by the reactants, products and 
electrolyte. Second, the dynamic equilibrium which created the stable potential should occur 
using as small a current possible (practically speaking in the nano- to pico-amperes) so that 
the measured current from the RE is negligible compared to the WE current, avoiding a 
systematic error. The potentiostat utilised in this study applies a 10 × 10-12 A current to the 
RE [12]. This small current also avoids polarisation of the electrode which would cause a 
drift in its own potential. Lastly, the reaction responsible for forming the dynamic 
equilibrium should have a high exchange current and be completely reversible to minimise 
deviations in the potential and have a fast response time. 
There are many REs to choose from when designing an experiment. Choosing the best RE 
for a particular experiment requires some consideration to assure the above criteria are 
satisfied. Ideally, the RE should be designed to be as similar as possible to the system under 
investigation [17]. This reduces the chance of cross contamination that could lead to drift of 
the reference potential or anomalous results. These contaminations could occur if the 
reactants, products or electrolyte affect the dynamic equilibrium or, equally, if the 
components of the RE affect the sample. 
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3.1.1.2 Geometry of the Reference Electrode 
The placement of the RE can have major affect on the sampled potential [82]. Ideally, the RE 
should be placed between the WE and CE, as close as possible to the WE without disturbing 
the current distribution across the electrode surface [17]. Figure 23 shows the RE sampling 
in-between the WE and the CE. The capacitor components associated with the 
electrode/electrolyte interface are not shown for the purpose of highlighting the resistances.  
 
Figure 23. The three-electrode setup with electrolyte resistance highlighted; Ru is the uncompensated 
electrolyte resistance from the WE to the RE and Rs is the compensated resistance from the CE to the RE. 
There is a resistance associated with the ionic current flowing through the electrolyte; this 
electrolyte resistance can be split into two. The first is the resistance between the WE to the 
RE called the uncompensated solution resistance (Ru). This is uncompensated because it is 
included in the sampled voltage drop between the reference and WE, Equation 27 [17]. 
        (27) 
Where VIR is the voltage loss and i is the current passing between the electrodes. The second 
is the resistance between the RE to the CE called the solution resistance (Rs) and it is not 
included in the measurement. In a system where a polymer is the electrolyte, Ru can vary 
with water activity and temperature [83] and has to be considered when performing 
measurements. The positioning and size of the electrodes and the ionic conductivity of the 
electrolyte have important effects on the compensated and uncompensated resistances. By 
placing the RE very close to the WE, Ru and consequently VIR would be minimized. In 
practice, however, this may lead to errors in the potential measured as the physical presence 
of the RE would perturb the iso-potential lines at the WE’s surface. The RE has to be placed 
further than a critical distance away from the electrode surface so a uniform potential is 
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maintained at the WE. This distance is generally 2d from the WE where d is the diameter of 
the RE, or 5d/3 if a planar geometry is used [17], providing the RE is in-between the WE and 
CE and the CE is further away from the RE. Therefore, by shrinking the RE as much as 
possible, it can be placed much closer to the WE before perturbing the potential. When 
working in a solution, a Luggin capillary [17] is utilised for this reason. A RE can be placed 
in a container constructed to taper into a fine capillary tube which can be placed close to the 
WE surface. The RE then samples the potential at the Luggin tip. 
As a polymer electrolyte is used in a PEFC, a Luggin capillary cannot be placed in-between 
the WE and CE due to the thin electrolyte geometries (between 175 and 25 µm). Especially as 
most modern PEFCs tend towards using thinner membranes [63]. Normally, the RE is 
placed to one side of the WE and CE to prevent perturbation of the potential distribution at 
the working electrode. However, the potential sampled by a RE placed to one side is a 
complex function of the position of all the electrodes: RE, WE and CE [82, 84, 85]. Figure 24 
shows this MEA geometry, with some examples of current distributions (shown as a 
dimensionless colour gradient) across the electrode [82]. Figure 2 a) applies only primary 
current distribution to the electrode assembly. Primary current distribution refers to the 
situation where the electrolyte potential in front of the WE and CE is assumed constant and 
overpotentials are neglected. An example of this is a hydrogen pump. Also the electrodes 
are perfectly aligned and the current distribution across each electrode is uniform. 
Moreover, an isotropic ionic conductivity is commonly assumed. Therefore, between the 
electrodes and away from the edges, the potential varies linearly across the electrolyte from 
the WE to the CE, following the Laplace equation (Equation 28). If the RE was place exactly 
in the middle of this linear region, it would sample an Ohmic loss (VIR) proportional to half 
the resistance through the electrolyte with respect to the current (Equation 27). 
      (28) 
At the edges of the electrodes the potential gradient is non-linear until 1.5b where b is the 
electrolyte thickness [82]. This is because the current spreads out into the electrolyte at the 
edge, decreasing the current density. In this area, the potential at a particular point will 
change with overpotential. Past 1.5b, the potential drop opens up to a region of constant 
potential. In the case of the aligned electrodes, the ionic potential splits symmetrically at the 
edges. Consequently, the region of constant potential will again be influenced by an Ohmic 
loss equal to half the Ohmic drop across the electrolyte. 
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Figure 24. Potential distribution across an electrolyte; showing a) and b) with equal kinetic resistances at the 
WEs while a) has perfectly aligned electrodes and b) has misaligned electrodes. c) shows aligned electrodes 
with different kinetic resistances, adapted from [82]. b = the electrolyte thickness. The colour gradient 
corresponds to a dimensionless current distribution from 1 to 0. 
Practically, this simplistic model rarely occurs. A mixture of effects occurs, caused by 
misalignment of the electrodes and a difference in the kinetic resistance across each 
electrode (secondary current distribution). With misaligned electrodes, the constant 
potential region still occurs past 1.5b from the electrode edge, but the potential in this area 
will be closer to that of the overhanging electrode, shown in Figure 24 b). This can vary until 
the constant potential region is equal to the potential seen at the overhanging electrode. 
The secondary current distribution is caused when the electrodes have different kinetic 
resistance, depending on how facile the reaction is. A good example of this is observed in a 
PEFC, having the irreversible ORR occurring at one electrode and the reversible HOR at the 
other. In this case, the constant potential region will be closer to the electrode with the more 
facile reaction, Figure 24 c). Misalignment and secondary current distribution can introduce 
an unknown error in the Ru when measuring to the side of the electrodes. This error is not 
limited to the overall Ohmic drop between the WE and CE as outlined in primary current 
distribution, but can exceed this to cause a substantial error in the Ru [86]. There have been a 
number of ways to overcome this unknown error. One is to change the geometry to a more 
suitable geometry suggested by Winker et al. [84] for solid-state electrolytes such as the 
pellet geometry or thicken the electrolyte to reduce the effects [84, 85]. Winkler’s approach to 
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use complex electrolyte geometries is not easily transferred to PEFCs due to the polymer 
electrolyte and thickening the electrolyte might interfere with the conditions in front of the 
WE (e.g. by changing the water activity). When the electrodes are of equal size, another 
method would be to place a RE at each side of the electrode in the region of constant 
potential, (Figure 25) and calculate the average sampled potential [82]. By taking the Ru as 
equal to half the electrolyte resistance, the error in iR correction would be reduced compared 
to just one RE. This, however, remains an approximation and it is not clear that the average 
fully compensates edge effects under complex boundary conditions (i.e. secondary current 
distribution). 
 
Figure 25. Diagram of misaligned electrodes, with two RE to compensate for edge effects as suggested by [82]. 
Another option is to place the RE between the WE and CE. In each of the two more complex 
models described, the potential gradient between the electrodes remains linear with the 
assumption of isotropic ionic conductivity within the electrolyte. Hence, the Ru would be 
measurable as part of the resistance of the electrolyte thickness between the WE and CE. 
Also having the RE placed very close to the WE decreases Ru which in turn reduces any 
compensation error. To do this effectively, disruption of the potential distribution across the 
WE must be avoided, as discussed above. 
Kuhn et al. [87] have shown an example of placing the RE between the WE and CE. They 
placed a pseudo RE in the form of a 25 μm diameter carbon wire between two 
perfluorosulphonic acid (PFSI) membranes and hotpressed them together (Figure 26), 
forming a slightly thicker polymer electrolyte. By hotpressing two PFSI membranes, no 
appreciable resistance between the two membranes (interfacial resistance) occurred. 
Therefore, the PFSI membranes can achieve a good bond between themselves [64]. 
Nonetheless, this has the negative effect of increasing the thickness of the electrolyte. 
However, if two Nafion® 212 membranes are sandwiched together, a total thickness of 100 
µm is attained which is acceptable for PEFC electrolytes. For this method to be successful, 
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the RE has to be especially thin to not perturb ionic conductivity of the electrolyte and 
consequently the potential distribution across the surface of the WE. Suitable REs are 
discussed in section 3.1.2. 
 
Figure 26. RE placed between the WE and CE by hotpressing it between two PFSI membrane sheets, adapted 
from Kuhn et al. [87]. 
3.1.1.3 Aqueous Reference Electrodes  
Previous studies of the ORR and HOR have utilised mainly the rotating disk electrode in an 
aqueous electrolyte. Common REs used in these experiments are the mercury/mercurous 
salt electrodes, the silver/silver halide electrodes, the hydrogen electrodes and the metal 
oxide electrodes [81]. 
The mercury/mercurous salt and silver/silver halide electrodes include the commercially 
available saturated calomel electrode (SCE), mercury sulphate electrode (Hg2SO4/Hg) and 
saturated silver/silver chloride electrode (SSCE). These contain a metal in equilibrium with 
its metal salt either solidified on the surface or dissolved in solution. They are quick to set up 
and easy to use, but they are usually bulky and can only be placed close to the WE with the 
help of a Luggin capillary. In addition, the supporting electrolytes are not similar to the 
materials or solutions used for fuel cell reactions, which can lead to cross contamination. For 
example KCl(aq) is the supporting electrolyte in the SCE and SSCE and Cl- is a strong anion 
adsorbent and is known to poison platinum, a catalyst often utilised in PEFCs [88]. 
Hydrogen electrodes establish a potential determining equilibrium across a noble metal 
between molecular hydrogen in the gas form and hydrogen ions in the solution form. 
Equation 26 shows this reaction over platinum, the favoured noble metal for this system, 
called the reversible hydrogen electrode (RHE). These electrodes tend to be comparatively 
easy to prepare and use. They have proven to be an effective RE and achieve the highest 
degree of reproducibility. An RHE can be prepared in house by using a platinum wire 
sealed in a glass body and filled with an electrolyte. By applying a reducing current to the 
platinum wire, a reservoir of hydrogen will form at the top half of the electrode (Figure 27). 
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In most cases, this design enables the electrode to contain the same electrolyte as in the 
experiment. This reduces, if not eliminates, the possibility of cross contamination from the 
supporting electrolyte of the RE. The RHE was chosen in the group’s previous experiments 
[22] and was used successfully to study the oxygen reduction reaction and hydrogen 
oxidation reaction across a PFSI electrolyte. However, this RE has its limitations for use in a 
solid-state cell. Upon heating, the sealed gas phase expands and pushes aqueous solution 
out into the cell. This would affect humidification within the cell and also may lead to 
alternative conductive paths. Upon cooling, the solution could be sucked back by the 
contracting gas and cause a break in contact if a gas bubble forms between the aqueous 
solution of the RHE and the PFSI membrane. The aqueous solution boils at temperatures 
above 100 °C, limiting the experimental temperature range. The size of this electrode also 
requires that it is placed far from the WE. This could give rise to an unknown Ru caused by 
secondary current distributions, misalignment effects and changes in conductivity of the 
PFSI membrane with humidity and temperature [78]. All these factors have the ability to 
distort and falsify the results. For these reasons, a solid-state RE stable in the conditions of 
an operating fuel cell should be used. 
 
Figure 27. Graphical representation of the RHE used in the previous system. It shows a glass pipette with a 
platinum wire inside. The top half is sealed with H2 gas inside and the bottom half has H2SO4, with a thin 
junction to contact the PFSI membrane. 
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3.1.2 Solid-State Reference electrodes 
To be a suitable solid-state RE in a solid-state cell, the following properties would be 
advantageous: firstly, the RE should be fabricated from stable materials or materials similar 
to the experiment to reduce the chance of cross contamination. Secondly, it should be small 
enough to be placed between the WE and CE and close to the WE. This minimises large 
potential drops under dry conditions, misalignment effects and secondary current 
distribution effects. Lastly, it should show a stable potential under different operating 
conditions such as temperature, different H2/O2 ratios, humidity and pressure and ease to 
use. 
One of the most favoured solid-state REs is the dynamic hydrogen electrode DHE, used by 
many groups [49, 51, 69, 86, 89-92]. A small current, around 10 mA cm-2Spec is applied across 
two platinum wires in contact with PFSI as the aqueous protonic medium. This generates H2 
at one electrode, which its potential can be used for the reference potential and O2 at the 
other electrode. The current density across the RE should be kept to a minimum while 
achieving a stable potential. This is because changes in the resistance across the electrolyte 
strongly influences the potential of the DHE, introducing an error in the measurement [86, 
92]. The DHE has been proven suitable for studying solid-state fuel cells, but it has to be 
separated from the WE which could cause a large measured potential drops across PFSI in 
dryer conditions. Siroma et al. hot-pressed two Pt wires between two PFSI membranes to 
assemble a compact solid-state DHE that was placed 0.1 cm away from the WE. This system 
used only 50 × 10-6 A to maintain the constant potential, which was measured at 0.05 V vs. 
SHE. However, it can suffer from misalignment effects because it is placed to the side. 
Another option is to use a carbon pseudo RE. Kuhn et al. [87] used a carbon filament small 
enough (about 25 µm) to fit very close to the WE between two polymer electrolyte 
membranes (see figure 26). It did not show significant impact on the current distribution, 
although pseudo REs are prone to drifts in potential. 
I propose two possibilities for a solid-state RE to be used in this thesis. These are REs based 
on palladium hydride or iridium oxide which can be deposited onto a substrate small 
enough to fit between the WE and CE. The substrate chosen is a gold TEM grid, with an 
ultra-low profile (5 μm thick) and an open structure (pore fraction of 0.4). In this way it can 
also be placed close to the WE to ensure a fast response and an accurate reading. Likewise, 
significant IR resistance increments are avoided. The following two sections review the 
palladium hydride (PdHRE) and iridium oxide (IORE) reference electrodes. 
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3.1.3 Palladium Hydride 
The hydrogenated palladium electrode has been shown as a good alternative to the 
reference hydrogen electrode (RHE) and other know REs [81, 93]. It is a type of hydrogen 
electrode, but the hydrogen is absorbed by the palladium metal, eliminating the need for an 
external reservoir. Without this reservoir, the PdHRE can be miniaturised. 
3.1.3.1 Palladium Hydride Characteristics 
Palladium is known to absorb hydrogen into its lattice to form PdHx as well as forming an 
adsorbed surface layer. Figure 28 shows the different pressures needed to achieve hydrogen 
to palladium ratios at varying temperatures. This uptake can happen by exposure to 
hydrogen gas, a hydrogen saturated solution or electrochemically by applying a potential 
negative of the hydrogen evolution potential. The former occurs spontaneously from the gas 
phase at 100 kPa (1 atm) and therefore the same final equilibrium state must be reached 
whether in solution or not [81, 94]. When palladium absorbs hydrogen, it first retains its own 
face-centred cubic lattice with little expansion, then after the absorption reaches PdH0.03 an 
expanded α-phase forms. When the hydrogen content increases, a two-phase region is 
entered where α- and β-phases co-exist, whereby the α-phase is slowly converted into the 
considerably expanded β-phase, Equation 29, where the subscripts refer to the concentration 
of hydrogen in the respective solid phases. 
             (29) 
The equilibrium between the α- and β-phase leads to a constant chemical potential of 
hydrogen for the binary system. This plateau is illustrated in Figure 28, where the system 
continuously absorbs hydrogen without the need for increasing pressure. The reversible 
reaction occurring in the plateau region, Equation 30, is a useful and long lived steady-state 
equilibrium, with a characteristic potential that is known to a precision of ± 5 × 10-5 V [81, 
95]. 
Palladium hydride:               
     EѲ = 5.04 × 10-2 V (30) 
Eventually all the α-phase will transform to the β-phase. Once fully transformed, the 
measured potential drops sharply [81, 94], followed by saturation of the bulk palladium by 
hydrogen at an atomic ratio of PdH0.80 at 30 °C [96, 97]. The final β-phase is distorted and 
metastable, and will spontaneously lose hydrogen at open circuit, but can be held in 
equilibrium when kept in a hydrogen gas atmosphere at 1 atm pressure [81].  
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Figure 28. Absorption relationship of the palladium hydride system, showing the α/β transition at different 
temperatures [97, 98]. 
Transferred to a hydrogen-saturated solution, the hydrogen-charged palladium comes to the 
same potential as a RHE containing a platinum electrode. It responds to pH in the same way 
as a platinum RHE, and also responds to changes in hydrogen gas pressure, but very 
sluggishly, demonstrating that the usual hydrogen electrode equilibrium is in operation [81, 
95]. This conclusion is expected considering the similarities between the two reactions, 
Equations 26 and 30. Figure 29, from Ives and Janz [81], illustrates the potential response of a 
palladium electrode during hydrogen absorption in 2 × 10-3 mol cm-3 hydrochloric acid over 
3.6 × 104 s (10 h). A clear potential plateau region was observed for almost 2.88 × 104 s (8 h). 
The relative electrode resistivity (R/R0) is a function of the resistivity of the palladium 
hydride (R) relative to bulk palladium (Ro). This resistivity gradually increases as the 
quantity of absorbed hydrogen increases. 
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Figure 29 shows the potential (mV) and resistivity ratio (R/R0) characteristics of palladium upon gradual 
absorption of hydrogen in a hydrogen saturated solution, taken from ref [81]. The potential is directly related 
to the hydrogen concentration on the surface of the palladium and shows a potential plateau which lasts for 
about 8 hours. The R/Ro is the resistivity of the palladium (R) during the absorption divided by the resistivity 
of a hydrogen free palladium source, where R/Ro = 1 when the palladium is hydrogen free. 
The potential curve for the depletion of hydrogen from the palladium hydrogen electrode is 
similar to the absorption potential curve. Depletion can be driven using an oxidative current 
or occurs naturally by self-discharge at open circuit under normal atmospheric conditions 
(i.e. a low hydrogen partial pressure). Oxygen in the system can result in a parasitic reaction, 
by its reduction on the hydrogen rich palladium surface to form water [95]. This reaction 
removes Hads from the surface which rapidly depletes the hydrogen in the α-β palladium 
hydride, speeding up the self discharge of the palladium hydride electrode. This is a 
potential problem for applying the palladium hydride as a RE in fuel cells because oxygen is 
required in these systems. 
The diffusion of hydrogen through palladium is dependent on the palladium structure. 
Tong et al.’s [99] review showed that the hydrogen diffusion coefficient (DH) through 
palladium at 25 °C is about 10-7 cm2 s-1 in the α-phase, 10-6 cm2 s-1 for the β-phase at 25 °C 
and a range of values in-between these two extremes for compositions that are a mixture of 
the α- and β- phases. This fast diffusion means that the hydrogen saturated bulk palladium 
can supply the surface with Hads at a sufficient rate to keep its surface composition constant, 
which in turn keeps its potential constant, providing minimal parasitic reactions and under 
low potentials. 
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3.1.3.2 Palladium Hydride as a Reference Electrode 
To use palladium hydride as a RE, its potential must be constant over time and therefore its 
composition needs to be in the plateau region illustrated in Figure 29. One way to do this is 
to charge the electrode with hydrogen to the maximum hydrogen absorption where the α- 
and β-phases co-exist, then use the electrode under open circuit where it will slowly deplete 
hydrogen while keeping a constant potential. 
Another approach by Goffe et al. [95] was to use internal charging to keep the palladium 
within the region of α- and β-phases and as a result maintain a constant potential. They 
studied the resistivity of the palladium hydride (R/Ro) in the plateau region. By monitoring 
the resistivity, they could alter the hydrogen charging intensity to keep a palladium wire 
within the α/β-phase giving a stable open circuit voltage of + 0.054 ± 0.004 V vs. SHE over a 
test period of 1.2 × 106 s (330 h) in a nitrogen saturated H2SO4 (05 × 10-4 mol cm-3) solution. 
Previous PdHREs [100] have shown good potential stability in a range of acidic pHs and 
have excellent kinetic reversibility, even at ambient temperatures. Once hydrogenated, 
PdHREs are quite insensitive to hydrogen pressure and can be used in hydrogen-free 
solutions as the hydrogen is not instantly depleted from the palladium structure by parasitic 
reactions. In this report, the RE will be sealed between two sheets of PFSI membranes, a 
super acid electrolyte, which contains large quantities of protons which may prolong the 
lifetime of the plateau region, giving the electrode a greater usable time per charge and 
stabilise the potential [101]. 
3.1.3.3 Methods of Gold Palladization 
To create a PdHRE, palladium was deposited onto a gold TEM grid. There are a number of 
ways palladium can be deposited: through sputter coating [102], electrochemical plating  
[103], electroless bath [104-106], atomic layer deposition [107] and chemical vapour 
deposition [108]. As the gold TEM grid is not a flat surface, to form an even coating between 
the grids and on both sides, the only viable techniques are electrochemical plating and 
electroless bath deposition.  
The electroless bath technique was chosen as it is a quick, easy and inexpensive technique. 
Thus, it has a clear advantage when considering the high number of electrodes which need 
to be fabricated. The deposition of palladium is an autocatalytic electrochemical reaction 
shown in Equation 31 [106, 109]. Ethylenediaminetetraacetic acid (EDTA) is used to preserve 
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palladium in solution as it is a complexing agent known to be a strong chelating agent with 
palladium in alkaline conditions [110]. Ammonium hydroxide acts as a buffer bringing the 
solution to pH 10. The reaction is initiated by hydrazine, a reducing reagent used to transfer 
electrons to the palladium which then deposits onto the target surface. 
                      
 
        
 
                  (31) 
The palladium deposition rate depends on the rate of nucleation and crystallization of Pd(0) 
which in turn is controlled by the solution pH, concentration of reagents, reducing agent 
and temperature. These variables and deposition times lead to different characteristics and 
thicknesses of the Pd layer and have been studied extensively [104, 109]. The dense films of 
plated palladium are composed of sub micrometre grains and it is found that there is a 
strong relationship between the initial plating rate and the grain size. Decreasing the 
temperature or concentration of PdCl2 and N2H4 slows down the deposition rate and 
decreases the grain side of the deposit. It is found that the ammonium hydroxide 
concentration needs to be above a critical concentration otherwise decomposition of the 
plating bath solution occurs. Upon annealing the deposit above 800 °C, the palladium grains 
change significantly into large polygonal grains. Along with this morphological 
transformation, the rate of gas permeation through the palladium increases dramatically [99, 
104]. The electroless bath technique has been used to deposit palladium onto GaAs [109], 
porous stainless steel [106] and even onto porous Vycor tubing, a 96% silica glass material, 
using surface activation with palladium seeds [104]. However, there is no literature for 
plating on gold; therefore the previously mentioned reports can be used only as an initial 
estimate of the reaction conditions. 
3.1.4 Iridium Oxide 
Iridium oxide is one of the lesser studied metal oxides; nevertheless it has been studied for a 
few applications such as pH sensors [81, 111-114]. It has particular advantages over other 
conducting metal oxides such as PtO2, RuO2 and PbO2 for the pH application thanks to its 
stability in most conditions, including a wide range of pHs, high temperatures of up to 250 
°C, high pressures, and aggressive environments. It also shows fast response times, even in 
non-aqueous solutions and has low sensitivity to redox interference [115-117]. Most of these 
characteristics are also advantageous when looking for a suitable RE. To my knowledge, this 
is the first reported use of the iridium oxide redox system as a RE for fuel cells. 
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In its oxide form, iridium is a stable material that does not easily dissolve in organic or 
aqueous solutions. It can be obtained as a soluble chloride (IrCl4) [118], which makes it 
suitable for electro-deposition. Nishio et al. [118] found that upon deposition either a 
crystalline or an amorphous film can be produced. The crystalline thin film is composed of 
               and forms a dark brown colour, whereas the amorphous thin film appears 
brown. Other groups have deposited IrOx in the colours from deep purple right through to 
bright blue [115, 119], but they all agree that the crystallinity and colour have little effect on 
the electrochemistry [115, 118]. 
3.1.4.1  The Iridium Oxide pH Electrode 
The thermodynamic equilibrium reactions which are considered to be the potential 
dependent electron transfer in the IrVI/IrIII half-cell reaction under anhydrous and hydrated 
conditions are shown in Equations 32 and 33, respectively [101]. The equilibrium and hence 
the open circuit potential is dependent on pH. 
        
                 (32) 
          
              (33) 
Iridium oxide electrodes have been proven as good pH sensors [101, 115, 116, 120-123]. 
Marzouk et al. [116] showed a particularly good pH sensor with a super-Nernstian response 
of -63.5 ± 2.2 mV/pH, see Figure 30. Electrodes with both Nernstian or super-Nernstian 
responses have been reported in the literature [101]. The reason for the iridium oxide’s 
different Nernstian responses are not fully understood, but it is thought to be related to how 
hydrated the iridium oxide is and therefore what percentage of the IrVI/IrIII electron transfer 
occurs through the pathway in Equation 32 compared to Equation 33. After 1 month of 
continuous use of the iridium oxide pH sensor, Marzouk observed only a small reduction of 
2.5 ± 0.8 × 10-3 V/pH unit drift in the calibration slope, proving that these electrodes are 
capable of showing good durability. Other electrodes like those produced by Yang et al. 
[123] produced a pH electrode capable of 0.02 V drift over 9 days after stabilization for 1 day 
in a phosphate-buffer saline solution from anodic deposition. 
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Figure 30.  Typical potentiometric response of the AEIROF electrode to a series of universal buffer solutions 
after 2 days of conditioning. (A) Wire electrode; (B) planar electrode. (C) Potentiometric response of a planar 
electrode to changes in pH obtained by random additions of 1 × 10-3 mol cm-3 HCl and 1 × 10-3 mol cm-3 NaOH 
to tris buffer containing 1.4 × 10-4 mol cm-3 NaCl as background electrolyte, after continuous soaking in tris 
buffer for 30 days. The inset shows the titration of 1 × 10-4 mol cm-3 phosphate buffer around the 
physiological range using a wire electrode [116]. 
The characteristic cyclic voltammogram of iridium oxide is shown in Figure 31. Ardizzone et 
al. [124] found that surface oxidation occurs around 0.4 V vs. RHE and the two peaks 
correspond with the two redox reactions shown in Equation 32 and 33, at ca. 0.8 and 1.25 V 
vs. RHE for an anhydrous oxide layer and ca. 0.95 and 1.35 V vs RHE for a hydrous oxide 
layer, Figure 31 a). On the other hand, Marzouk et al. [116] found the characteristic peaks in-
between these values, Figure 31 b). The potential difference for these peaks is thought to be 
related to the degree of hydration of the oxide lattice [124]. 
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Figure 31. A typical cyclic voltammetry of iridium oxide prepared in different ways. a) thermally prepared 
iridium oxide from Ardizzone et al. [124] in 0.5M H2SO4 at 20mVs-1. b) An Iridium oxide layer on graphite 
prepared by LiCO3 melt at high temperature from Marzouk et al. [116] in 5 × 10-4 mol cm-3 H2SO4 at 50 mV s-1 
vs. an SSCE. 
3.1.4.2 Iridium Oxide Fabrication 
The structure and composition of the IrOx layer depends on the fabrication method and 
conditions [115, 125]. There are many different techniques to produce IrOx. Thermal 
decomposition of an iridium salt [124] and sputter coating (SIROF) [101, 117] techniques 
produce anhydrous oxide layers with Nernstian responses to pH changes [101]. Other 
methods include electrochemical growth by a potential cycling procedure for producing 
thick oxide films on iridium in acid media [126], oxidation of iridium metal in a LiCO3 melt 
at high temperature [115, 127], high temperature oxidation of iridium wetted with NaOH 
[128], high temperature treatment of iridium in molten potassium nitrate [113], sol-gel 
process [118], and anodic deposition of an IrO2 film (AIROF) [116, 120, 123, 129]. These 
methods produce iridium oxide in its hydrated form and show super-Nernstian responses. 
Due to the shape of the gold TEM grid, a solution phase technique is needed to ensure a 
complete coverage. The anodic deposition of an IrO2 film was chosen since it has been 
proven to be cost effective, convenient and suitable for preparing on electrodes of all 
geometries [116, 120]. The mechanism for the formation of IrOx is believed to involve anodic 
oxidation of iridium in its ligand complex as shown in Equation 34 [129]. 
               
                    
  (34) 
Elson et al. [120] found that upon partially covering a gold surface with iridium oxide via a 
potentiostatic deposition that the Nernstian slope increased from 0.049 to 0.076 V/pH until 
the gold surface was completely covered. A further increase in the thickness of the film 
thickness did not increase the slope, but resulted in a progressive rise of their intercept 
a) b) 
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potential (pH 0). Moreover, the film thickness also lengthened the response time to pH 
change. Kinlen et al. [101] coated iridium oxide pH electrodes with PFSI and annealed them 
at 210 °C. They found that because the PFSI membrane is permselective to cations, it 
attenuates the effects if anionic oxidizing and reducing (redox) species that interfere with the 
response. Therefore, compared to an uncoated electrode, the measured drift was reduced. 
3.1.4.3 Iridium Oxide as a Reference Electrode 
Iridium oxide has been shown to be stable over long periods of time with reproducible 
voltage values at a chosen pH and minimal drift [116, 122]. In this thesis, the iridium oxide is 
proposed as a reference electrode as when the electrode was kept at a constant pH, it 
provided a stable reference potential. In the MEA reported in this thesis, the RE was sealed 
between two PFSI membranes, known to be a super acid and therefore the electrode should 
experience a stabilised acidic environment throughout working conditions. Also, as 
explained previously, PFSI membranes have been confirmed to improve the performance of 
the RE by reducing the interference from redox species [101]. 
3.1.5 Palladium Hydride vs. Iridium Oxide for the reference electrode 
Two materials have been described for a RE with very different characteristics, the PdHRE 
and IORE.  These electrodes were tested for their advantages and disadvantages as REs in 
different environments. For the PdHRE, the plateau potential life time was analysed with 
respect to charging and discharging, while for the IORE the potential stability was evaluated 
in solutions of different pH. Then both were utilised as a RE to obtain a platinum CV. The 
focus is to find a RE capable of working in solid-state conditions with the ORR and HOR. 
3.2 Experimental 
3.2.1 Design of the Reference Electrode 
A gold grid was joined to a gold sputtered polycarbonate (PCTE) membrane to create a 
frame and an electrical contact for the RE, Figure 33. The gold grids (Agar Scientific, G2930A 
tabbed 300 mesh) have a pitch, hole and bar size of 85, 54 and 31 μm, respectively, Figure 32. 
 Experimental  
Page | 87  
 
Figure 32. A diagram of the gold grid to scale, highlighting a unit cell. 
They have a specific surface area calculated at 0.015 cm2Spec. A 50 nm layer of gold was 
deposited onto the PCTE membrane (Sterlitech, PCTF0447100, 0.4 μm pores) by plasma 
etching of a gold target (Emitech, TK8889) with a sputter machine (Emitech K575X). The 
layer thickness was monitored using a film thickness monitoring crystal (FTM crystal, 
Emitech, C5450). The gold coated PCTE membrane was cut with a scalpel into long thin 
strips of 3 × 0.3 cm and then the gold grids were attached with a gold dag (78 % Au, Agar 
Scientific). 
 
Figure 33. A diagram of the RE pre-plated; showing a) the gold grid attached to a gold sputtered PCTE strip 
and b) this grid sandwiched between two Nafion® membranes. The gold grid is discoloured to represent the 
deposition of palladium or iridium oxide. 
After deposition of the reference active material, described below, the RE was sandwiched 
between two 4 cm2 square PFSI membranes (Ion Power Inc., Nafion® NR-212). The PFSI 
membrane was pre-treated to remove contaminants such as metals and organics by 
sequentially heating to 100 °C in hydrogen peroxide (VWR, GPR Reactapur) 1.77 × 10-
3 mol cm-3) then sulphuric acid (5 × 10-4 mol cm-3, VWR, BDH Aristar grade) for 1 h each [22]. 
After, they were washed six times in ultra pure water (Millipore Mili-Q, 18.2 × 106 Ω cm 
resistivity). The reference activated gold grid was soaked in Nafion® solution (DuPont 
DE521 Nafion® solution, 5 wt. % in solution containing low aliphatic alcohols and water) for 
1 hour, to ensure the complete wetting of the reference activated gold grid surface. Then 
Gold Grid 
Gold Sputtered  
PCTE Membrane 
a) b) 
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with a 5 μl drop of Nafion® solution, the RE was placed in-between two sheets of PFSI and 
hot-pressed (Specac manual press) at 130 °C and 6 × 103 kPa for 240 s. This treatment should 
ensure a homogeneous electrolyte pathway throughout the PFSI, (i.e. with no interfaces that 
could cause potential drops or transport limitation). 
3.2.1.1 Gold Pre-treatment 
The gold grid electrodes were cleaned by submersing them in a solution of potassium 
permanganate (2 × 10-4 mol cm-3, Sigma Aldrich, 97 %) and sulphuric acid (2 × 10-4 mol cm-3, 
VWR) for 24 hours. Next they were rinsed with diluted piranha solution (4.5 × 10-4 mol cm-3 
H2O2 and 2 × 10-4 mol cm-3 H2SO4), followed by rinsing with ultra pure water six times. 
Immediately before deposition, the gold electrodes, complete with grid and gold sputtered 
PCTE, were cleaned electrochemically using cyclic voltammetry in 0.1 M H2SO4 for 100 scans 
at 0.1 V s-1 between the range 0.5 and 2 V vs. RHE. 
3.2.2 Analytical Equipment 
All electrochemical deposition and measurements of cyclic voltammetry and 
chronopotentiometry were carried out using a Gamry potentiostat (Gamry Reference 600), 
controlled by a remote computer with Gamry Framework software (version 5.50). The 
prospective REs were first tested electrochemically as a WE in a complete three-electrode 
system in nitrogen purged (BOC, CP grade) sulphuric acid (1 × 10-4 mol cm-3) electrolyte 
with a Pt wire (Advent 99.99 % purity, 0.05 cm diameter) CE and a RHE (Figure 27) at room 
temperature unless otherwise stated. Later, the prospective RE was used as a RE in two 
systems: with an aqueous electrolyte and a polymer electrolyte. The aqueous electrolyte 
utilised a Pt wire WE and a Pt wire CE while the polymer electrolyte utilised a Pt foil disk 
(Advent, 99.99 % purity, cut to 0.2 cm diameter) WE and a gold grid mesh CE (Goodfellow, 
AU008710, 99.9 % purity) in the cell described in section 2. A four point probe (Hewlett 
Packard, 34401A, 1 × 10-3 Ω accuracy) was used to measure the resistance of the gold 
sputtered layer on the PCTE. 
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3.2.3 Palladium Hydride 
3.2.3.1 Palladium Electroless Plating 
Palladium was deposited using a hydrazine-based electroless bath used previously by a 
number of groups [104-106]. Table 5 summarises the plating solution. To make the solution, 
all the reagents except hydrazine were mixed before deposition: palladium chloride (Aldrich 
(99 %), disodium ethylenediamine tetraacetate (Fluka ≥ 97 %) and ammonium hydroxide 
(Sigma-Aldrich A.C.S. Reagent, 16 M). For each batch of 3 REs to be coated, a solution of 20 
ml was heated to and kept at 60 °C (323 K) while stirring. Then 1 ml of hydrazine (Sigma 
Aldrich, Reagent grade, 2 × 10-4 mol cm-3) was added to the plating solution. The palladium 
was deposited for ten minutes, after which the part of the gold grid that was in solution had 
turned silver, showing a layer of palladium. This was washed with ultra pure water, dried 
in the oven at 100 °C for 1 h, then stored in ultra pure water until use. 
Table 5. The composition of the hydrazine-based palladium plating solution adapted from [104] for a 100 ml 
solution. 
Plating Solution for palladium Electroless bath 
Compound 
Molecular Weight  
/ g mol-1 
Volume 
/ ml Mass / g 
Concentration 
/ mol cm-3 
PdCl2 177 n/a 0.36 2.0 × 10-5 
Na2EDTA 372 n/a 7.6 2.0× 10-4 
NH4OH 
(16M) 35 65 n/a 1.0 
N2H4 (1M) 32 1 (× 5) n/a 1.0× 10-5 
3.2.3.2 Methods of Hydrogen absorption 
As mentioned in Section 3.1.3.1, there are a number of ways to charge the palladium 
electrode with hydrogen. For the purpose of these experiments the electrode was held at a 
negative potential where protons are reduced to release hydrogen. To minimise the self 
discharge caused by oxygen, the solution was purged continuously with nitrogen. The 
voltage was monitored at open circuit to analyse the plateau lifetime during discharge of the 
hydrogen from the palladium structure. An accelerated discharge at an oxidative current of 
1 × 10-4 A was applied for the charge/discharge analysis to shorten the discharge time, due 
to time constraints. 
 Solid-State Reference Electrodes 
 
Page | 90 
3.2.4 Iridium Oxide 
3.2.4.1 Iridium Oxide deposition bath 
The iridium oxide deposition solution was prepared following the recipe summarised in 
Table 6, which has been utilised by several groups to prepare pH electrodes [116, 129]. 
Iridium tetrachloride (Alfa Aesar, 99.95%) was dissolved in ultra pure water and stirred for 
1800 s, creating a brown solution. Next hydrogen peroxide was added and stirred for 600 s, 
changing the solution colour to light green, after which the oxalic acid (Sigma Aldrich, 
≥99.0%) was added and the solution was stirred for another 600 s. The pH of the light green 
solution was adjusted to 10.5 by the addition of potassium carbonate (Sigma Aldrich, ACS 
grade) and aged for 2 days at room temperature to stabilise, resulting in a dark purple 
solution. 
Table 6. The composition of the iridium oxide deposition solution adapted from [116, 129] for a 100 ml 
solution. The pH was adjusted to 10.5 using K2CO3. 
Solution for Iridium Oxide Deposition 
Compound 
Molecular 
Weight  / g mol-1 
Volume 
/ ml 
Mass 
/ g 
Concentration 
/ mol cm-3 
IrCl4.H2O 334.01 n/a 0.15 4.5 × 10-6 
H2O2 aq. Soln. (6 wt. 
%) 34.01 (H2O2) 5 n/a 1.3 × 10-4 
(COOH)2.2H2O 90.04 n/a 0.5 5.6 × 10-5 
3.2.4.2 Deposition of Iridium Oxide 
The deposition of iridium oxide was deposited onto the gold grids potentiostatically at 650 
mV vs. SSCE for 300 s at room temperature in the nitrogen-purged iridium oxide deposition 
solution. To achieve a uniform coating, the solution was stirred with a magnetic stirrer bar. 
Once deposited, the IORE was boiled in sulphuric acid for 3600 s to hydrate the iridium 
oxide before use and then left in deionised water for 2 days. These subsequent processes 
after deposition were completed so that when in contact with the solution or humidified 
polymer electrolyte, the iridium oxide does not undergo any further hydration, which could 
cause potential drift. The CVs of platinum were performed using the IOREs. 
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3.2.4.3 pH Test on the Iridium Oxide Electrode 
The IORE was placed in five solutions of different pH and the open circuit potential was 
measured three times at arbitrary time intervals of 300 seconds each. The solutions were 3 
buffer solutions (Hanna instruments pH 4.01, 7.01 and 10.01), one base solution 
(1 × 10-4 mol cm-3 NaOH) and one acid solution (1 × 10-4 mol cm-3 H2SO4). The pH was 
confirmed using a pH electrode (Fisher Scientific, SSCE pH electrode) controlled by a 
pH/ion meter (Corning 450). 
3.2.4.4 Iridium Oxide as a Reference Electrode 
IOREs were placed in a solution of sulphuric acid (5 × 10-4 mol cm-3) for 8.64 × 104 s (24 h) to 
test their stability and potential drift under open circuit. The solution was purged with 
nitrogen, hydrogen and oxygen to evaluate how the RE would be affected. CVs of platinum 
were performed using the IOREs in aqueous and polymer electrolytes. 
3.3 Results and Discussion 
3.3.1 Structure of the Reference Electrode 
The RE structure consists of a gold sputtered PCTE membrane attached to a gold TEM grid 
by gold dag, Figure 34 a). The PCTE membrane has a porosity of 12.6 % [130], which is 
assumed to remain clear from gold deposition. It is also used at the WE and its properties 
are discussed in greater detail in Chapter 4. Using a 50 nm gold layer on the PCTE, the sheet 
resistance (Rs) was measured at 2.9 ± 0.5 Ω □-1. Gold has an electrical resistivity (ρ) of 
2.21 × 10-6 Ω cm at 298 k [75]. Using Equation 35, the resistance per square of the gold layer 
can be calculated, 
   
 
 
  
 
  
   
 
 
 (35) 
where R is the electrical resistance, l is the length of material measured (3 cm), A is the cross 
sectional area, which is made up of the material thickness (t) and width (W) and Rs is the 
sheet resistance. Rearranging Equation 35, a theoretical sheet resistance can be calculated 
using the resistivity, Equation 36. Due to the substrate pore fraction (φ = 0.126), this area loss 
is factored in the calculation. 
   
 
      
 (36) 
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This gives a theoretical sheet resistance for a layer of sputtered gold at 50 nm thick on the 
polycarbonate membrane with a porosity of 12.6 % ca. 0.51 Ω □-1. The measured resistance is 
larger than the calculated resistance. This difference is most likely caused by the rough 
surface of the PCTE surface and a possible uneven coating of gold, discussed more in 
Section 4.3.2. For the reference electrode geometry, a 3 × 0.3 cm strip, a resistance through 
this gold layer sums to 29 Ω. Although this is a high value, it can be neglected as only 
10 × 10-12 A run through a RE [12]. Therefore, the voltage loss will be minimal. With the gold 
grid only 5 µm thick, and the PCTE only 10 µm thick, this thin construction of the RE 
enabled it to be positioned precisely between the WE and CE, while being less than 10 % of 
the electrolyte thickness (105 μm). This ensures a fast response and an accurate reading 
compared to placing the RE to the side of the electrodes, as large potential drops under dry 
conditions and secondary current distribution problems are avoided. 
 
Figure 34. The gold sputtered PCTE attached to the gold grid to complete the structure for the RE. 
The gold grid shown under an optical microscope in Figure 35 was chosen because of its 
open structure of 40 % porosity. It can accommodate a network of polymer electrolyte 
within its holes and thus allow an ionic pathway from the WE to the CE. 
 
Gold Grid   Gold coated PCTE 
membrane 
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Figure 35. Optical micrographs showing the 300 mesh gold grid before deposition, with the unit cell shown. 
As the gold grid is only 5 μm thick, by hotpressing two PFSI sheets either side of the grid the 
PFSI should bind through the holes to create this continuous path (i.e. without interfaces 
that could cause potential drops or transport limitations). This is discussed in Section 2.2.4, 
page 62. Figure 36 shows a schematic diagram of the MEA in cross section with these holes 
filled with PFSI. The dimensions of the gold grid and distance from the RE are also shown. 
To eliminate geometric effects for a planar electrode the RE has to be placed 5d/3 from the 
WE as stated in section 3.1.1.2. In this case, d is the width of the bar size in the gold grid at 31 
µm; therefore a distance of 52 µm is needed. As Nafion® 212 has a thickness of 50 µm, 
approximately the correct distance is attained, allowing it to be utilised as the electrolyte 
between the WE and RE. This calculation assumes that the gaps within the gold grid are 
completely filled with PFSI to allow a wide ionic pathway. 
In addition, the position of the RE needs to be considered with respect to the WE and CE. 
The diameter of the mesh is 0.23 cm (Figure 36 a)), with a rim of solid gold around it. With a 
WE spot size of 0.2 cm diameter, there will be 44 % of the gold grid in-between the WE and 
CE made up of the gold mesh. The potential varies linearly across the electrolyte in this area. 
Also, there will be 14 % of the gold grid made up of the mesh in the range of 0 - 1.5b away 
from the edge of the WE where b is the electrolyte thickness. This is the region of non-
uniform potential. Lastly the ring containing 42 % of the grid’s surface area is in the region 
of constant potential (> 1.5b). This will act as an ionic insulator and therefore will sample a 
constant potential across the ring. 55 % of the grid is in the area outside the WE and will 
measure a varying potential depending on the potential across the WE and CE and 
resistance of the electrolyte, introducing an error in the expected Ru. This could be a source 
of error in this project. Two possible methods to remove this error are: 1) to deposit the 
Unit Cell 
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reference active material only in the centre of the gold grid. Therefore, all the reference 
active material will be in-between the WE and CE. 2) to make the CE as small as the WE, 
whereby any variability of the sampled potential will be cancelled out as described by 
Figure 25, section 3.1.1.2. The geometry of the CE shown in Figure 36 is discussed in Chapter 
2. 
 
Figure 36. The schematic shows the MEA cross section cut through the RE, WE and CE. The schematic is 
drawn to scale and a) shows the position of the RE between the WE and CE. The length of the gold grid in 
comparison to the WE and CE can also be seen. b) shows a magnified version to highlight the bar width and 
distance between the RE and WE. 
The gold grids were activated as REs by the deposition of palladium hydride or iridium 
oxide. 
3.3.2 Palladium Hydride Reference Electrode  
The electroless bath was used to coat the TEM grid with palladium; afterwards, the 
occurrence of deposition was verified by the colour change of the gold grid to a shiny gray, 
see Figure 37 and 38.  
 
Figure 37. Image of a palladium coated gold grid with current collector joined, showing a silver colour. 
Gold mesh CE PFSI Electrolyte 
Gold grid RE WE 
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Figure 38. Optical micrographs showing the 300 mesh gold grid, after a coating of palladium. 
3.3.2.1 Cyclic Voltammetry Characterisation 
Figure 39 shows two cyclic voltammograms of a gold TEM grid coated with palladium. 
They were recorded between the limits of 0.1 and 1.6 V (1) and 0.1 and 0.8 V (2) vs RHE and 
exhibit clear palladium characteristics that are consistent with previous reports [131, 132]. 
Scan (1) shows the surface oxide layer formed at 0.76 V vs. RHE; oxygen evolution occurs at 
> 1.6 V and oxide reduction occurs at 0.68 V vs. RHE with a single peak. After the oxide 
reduction peak in scan (1), the current does not return to the double layer while in scan (2) it 
does, this could be because of slow kinetics of the oxygen reduction. This oxygen interaction 
is a surface adsorption process whereas the hydrogen interaction is an absorption process. 
At < 0.3 V vs. RHE, hydrogen absorption occurs in both scans (1) and (2). At 0 V vs. RHE 
and lower, hydrogen evolution also occurs simultaneously. In the positive going potential 
scan, the hydrogen is stripped from the bulk solution with a broad peak. Scan (3) shows the 
gold TEM grid before deposition, exhibiting typical characteristics of bulk gold [133]. 
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Figure 39. A cyclic voltammogram of a gold TEM grid before and after palladium deposition; (1) and (2) show 
a CV of palladium between 0.1 – 1.6 V and 0.1 – 0.8 V vs. RHE, respectively while (3) shows the gold TEM grid 
before deposition. In 1 × 10-4 mol cm-3 H2SO4 at 0.02 V s-1. 
3.3.2.2 Calculating the Quantity of Deposited Palladium 
It is known that hydrogen saturates palladium in the ratio of PdH0.80 at 30 °C [96, 97]. This 
value can be used to calculate the quantity of palladium and therefore the thickness of the 
layer deposited on the gold grid. First, the palladium was galvanostatically saturated with 
hydrogen (PdH0.80) using a current density of 1.33 mA cm-2Spec, Figure 40. The five scans 
show the electrode was saturated in the time designated, with an average saturation time of 
2400 s (40 min). The characteristics of the transient are described in section 3.3.2.3. 
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Figure 40. Galvanostatic saturation of hydrogen into a palladium coated gold TEM grid. In H2SO4 
(1 × 10-4 mol cm-3) purged with N2, current held at a current density of 1.33 mA cm-2Spec. 
Immediately after hydrogen saturation (Figure 40), a potential scan was used to desorb all 
the hydrogen from the structure. Figure 41 shows the five sequential hydrogen desorption 
voltammograms. The area under the stripping voltammogram (Aabs) corresponds to the 
charge (QH) required to desorb hydrogen from the palladium structure, Equation 37.  
   
        
 
 (37) 
Where υ is the scan rate and Adl is the area under the curve corresponding to double layer 
charging. Since the double layer current is negligible in this CV, it has been excluded from 
the calculation. This can be converted to the number of moles of hydrogen (nH) by 
multiplication with the Faraday constant (F = 96485 C mol-1) using Faraday’s law, Equation 
38. 
       
  
  
      (38) 
Rearranged to give Equation 39; 
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 (39) 
Where t0 and te are the start time and end time, respectively. z is the number of electrons 
transferred in the reaction and in this case the oxidation of hydrogen is a one electron 
transfer, z = 1. Using the PdH0.80 ratio the moles of hydrogen can be used to calculate the 
moles of palladium (nPd), Equation 40. 
    
  
   
 (40) 
Accordingly, this value can be converted to palladium volume (VPd), Equation 41. 
    
      
   
 (41) 
Where the density of palladium (ρPd) is 12.0 g cm-3 at 25 °C and the molecular weight of Pd 
(MPd) is 106.42 g mol-1 [75]. The volume can be divided by the surface area of the gold grid 
(0.015 cm2Spec) to give a value that corresponds to the thickness of the deposited palladium 
layer. The complex geometry of the gold grid was assumed to be a flat gold surface upon 
which a uniform coating of palladium was grown. Using this assumption, the thickness was 
determined to be 1.48 ± 0.05 μm. For the individual results see Table 7. 
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Figure 41. Galvanostatically saturated of palladium with hydrogen at 1.33 mA cm-2Spec. In H2SO4 
(1 × 10-4 mol cm-3) purged with N2 at a scan rate of 0.02 V s-1. 
By using Equation 38, the total charge needed to absorb hydrogen into the palladium 
structure to PdH0.8 was calculated from the current time transients in Figure 40. The values 
were taken from the start of the constant current, until the potential levelled out below zero; 
therefore, the hydrogen evolution contributions are limited. With a total charge of -1.2 C 
(-8 C cm-2Spec), it is far larger than the 0.2 C (-1.33 C cm-2Spec) measured on discharge, with an 
efficiency of 17 %. The reason for this inefficiency may result from hydrogen desorption 
during charging via parasitic reactions. The main parasitic reaction is the oxygen reduction 
reaction from residual oxygen in the electrolyte [95], with other minor reactions including 
the recombination of hydrogen back into the electrolyte. The effect of oxygen in the 
electrolyte is discussed in greater detail in Section 3.3.2.4. 
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Table 7 shows the calculated thickness of the palladium film on the gold TEM grid. The charge was 
calculated by integration of the hydrogen desorption peak in Figure 41 after it was saturated with hydrogen 
by chronopotentiometry for 1 hour at -0.5 mA. 
Charge / C 
(Area/Scan rate) 
Amount of Hads in 
Pd × 10-6 / mol 
Amount of Pd* 
× 10-6 / mol 
Volume of 
Pd / μm3 
Thickness of Pd 
film / μm 
0.19 1.96 2.45 2.17 × 107 1.44 
0.19 1.96 2.46 2.17 × 107 1.45 
0.19 1.95 2.44 2.16 × 107 1.44 
0.2 2.08 2.6 2.30 × 107 1.53 
0.2 2.07 2.58 2.29 × 107 1.52 
* Assumed from the ratio PdH0.80 at saturation at 25 °C [96, 97] 
3.3.2.3 Reference Electrode Characterisation 
When used as a RE, the palladium needs to be in a local two-phase equilibrium of palladium 
hydride to provide a stable potential. For this to occur, the electrode is initially charged 
cathodically in the presence of water to allow hydrogen absorption. The black line in Figure 
42 shows a typical charge profile at -1.33 mA cm-2Spec for 4800 s (80 min), which is 
comparable to the plot in Figure 29 in section 3.1.3.1. The response can be split into four 
regions, region a) is believed to represent the removal of an oxide layer and the formation of 
the α-phase where the current drops rapidly to 0.044 V; after this point, it holds a gentle 
negative slope for about 2100 s (35 min) corresponding to region b). This gentle slope 
indicates that hydrogen is being absorbed while the palladium α-phase is slowly 
transformed to the β-phase, in this region both phases co-exist [81]. Upon completion of the 
transformation to the β-phase (PdH0.59), the potential drops at a steeper gradient until it 
reaches a negative potential, region c), where the palladium is fully packed with hydrogen 
with a composition of PdH0.80 at 25 °C. At this negative potential, it holds a gentle gradient, 
region d) that is believed to be the occurrence of hydrogen evolution for that particular 
current and not hydrogen absorption into the palladium structure. 
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Figure 42. Charge and discharge curve of the PdHRE; Charge shows chronopotentiometry of a palladium 
coated gold TEM grid held at -1.33 mA cm-2Spec for 5400 s (90 min). The discharge is at open circuit, run 
instantly after the charge. The solution was nitrogen purged H2SO4 (5 × 10-4 mol cm-3) with a RHE and a Pt 
wire CE. 
The red line in Figure 42 shows the palladium discharge. The curve is different as it is 
discharged under open circuit conditions, while the charging was at -1.33 mA cm-2Spec. As 
expected, the discharge exhibits a potential decay that is the reverse behaviour from the 
charge profile. Region 1) starts close to zero, where the palladium is saturated with 
hydrogen. As hydrogen is released, the potential arrives at the potential plateau where the 
α- and β-phase coexist. This is the start of the region of interest for a RE, region 2), with a 
potential plateau at 0.070 ± 0.004 V for 7800 s (130 min) for this data set. Once the hydrogen 
is depleted, the potential rises sharply to the palladium metal’s rest potential that is specific 
for these conditions at 0.920 V, region 3). The plateau potential of 0.070 V is 0.020 V above 
the reported literature value (0.050 V). This could be because other parasitic reactions with a 
higher equilibrium potential occur on the palladium surface, resulting in a mixed potential. 
The parasitic reaction is most likely formed in part from the parasitic oxygen reaction; 
residual oxygen in the system might decrease the surface hydrogen to palladium ratio 
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(PdH0.59). This would also explain the shorter life of the plateau region compared with 
previous reports [81]. 
3.3.2.4 Charging and Discharging Analysis 
To use these electrodes efficiently during charging and discharging, it would be useful to be 
able to charge the electrode rapidly but also completely, to ensure long life during 
discharging in the plateau region. The diffusion time of hydrogen through this palladium 
film was calculated to be between 0.11 – 0.01 s for the calculated thickness of 1.48 μm 
depending on the palladium structure, Equation 42. 
  
  
   
 (42) 
where τ is the diffusion time, l is the length and DH is the diffusion coefficient of hydrogen 
through the palladium structure (10-7 cm2 s-1 for the α-phase and 10-6 cm2 s-1 for the β-phase 
from [99]).  This shows that hydrogen diffusion into the palladium structure is a fast process 
and is not a limiting factor in the charging time of the electrode. 
Figure 43 shows the electrode being charged by a variety of negative current densities for an 
arbitrary time of 7200 s (2 h). At increasingly negative currents, the potential becomes more 
negative. The -1.33 mA cm-2Spec current has its charging plateau at roughly 0.04 V, 
comparable with the charging plateau in Figure 42, although it stays at this potential for the 
full two hours. This is presumably because more residual oxygen was present in the cell 
during this experiment and as discussed previously, causes a parasitic reaction which strips 
hydrogen from the surface of the palladium, reversing the charging effect. This parasitic 
reaction is probably also the reason for the potentials of the charging profiles at lower 
current densities (< 1.33 mA cm-2Spec) remaining above the α/β plateau equilibrium potential 
and never completely charging. At more negative potentials, palladium is saturated with 
hydrogen faster, with the completion of region c in shorter time frames. A charging time of 
360 s is achieved at -6.67 mA cm-2Spec, Table 8. This time is well over the required diffusion 
time for this thickness (calculated to be between 0.11 – 0.01 seconds). Therefore, it is possible 
to charge these REs very quickly at very negative currents. In fact it is possible to fully 
charge the electrodes in under 30 s at a current of -66.67 mA cm-2Spec. At -6.67 mA cm-2Spec, 
appreciable hydrogen evolution occurred at the end of the charging (visible from the extra 
noise in the transient in Figure 43). Therefore, care must be taken not to charge for too long 
at these high currents, ideally stopping after region c) in Figure 42. If substantial hydrogen 
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evolution happened while the electrode is placed in-between two PFSI membranes the 
increased gas pressure could cause damage such as separation of the bonded PFSI 
membranes leading to high ionic resistance. Hence excessive hydrogen evolution should be 
avoided. 
 
Figure 43. Chronopotentiometry of a palladium coated gold TEM grid held at varying negative current 
densities for a set time of 2 hours. The solution was nitrogen purged H2SO4 (1 × 10-4 mol cm-3) with a RHE and 
a Pt wire CE. 
Table 8 shows a comparison of the total charge needed and the time taken to saturate the 
PdHRE, at given currents. An unexpected decrease in charge is observed for faster charging 
times that is probably due to parasitic reactions such as the ORR. Figure 44 shows the 
relationship between the times taken to saturate the electrode against the charges needed. A 
strong correlation shows the parasitic reaction occurs at a constant rate of 1.27 mA cm-2Spec 
during charging (gradient of the slope), highlighted as area (b) in Figure 44. Therefore, the 
longer it takes to saturate the electrode, the less efficient the charging process is. The 0.67 
and 1 mA cm-2Spec charging currents which are below this parasitic current would be 
satisfied by this parasitic reaction and in fact, do not reach the end of the α/β plateau (region 
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b) in the designated time. The intercept (t = 0 s) represents the charge of the electrode with 
no parasitic side reactions. This value is -1.7 C cm-2Spec, and is consistent with the calculated 
charge stored in a 2 μm thick film (see table 7). This ORR seems to be a major problem in 
shortening the life of the constant potential, as was observed also by Goffe et al. [95]. This 
would prove a problem while using PdHRE for the ORR as the PFSI membrane has shown 
little effect at reducing the parasitic reaction. Indeed, oxygen is known to diffuse through 
Nafion® with a diffusion coefficient of 2.8 × 10-6 cm2 s-1 [78]. Although this is small, it will 
still deplete the reference potential faster and cause an unaccounted potential drift. 
Table 8. Values for the calculated charge to saturate the electrode with hydrogen under different negative 
current densities. The values correspond to the curves shown in Figure 43. 
Charging Current 
/ mA cm-2Spec Time / s 
Charge 
/ C cm-2Spec 
-0.67 Uncompleted - 
-1.00 Uncompleted - 
-1.33 Uncompleted - 
-1.67 4320 -7.2 
-2.00 2520 -5.0 
-2.33 1680 -3.9 
-2.67 1140 -3.0 
-3.00 900 -2.7 
-3.33 840 -2.8 
-6.67 360 -2.4 
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Figure 44. Time dependence of the charge vs. time taken to saturate the electrode with hydrogen. Results 
taken from Table 8. Two pronounced areas can be seen corresponding to (a) saturation of the palladium 
structure with hydrogen and (b) from parasitic reactions. 
Figure 45 shows the discharge profiles that correspond to the charging profiles in Figure 43. 
All the charging profiles that reached the saturation point have a similar discharge time in 
the plateau region. This shows that the plateau region is independent of the charging current 
in this range. Also the electrode does not benefit from further charging once past region c 
proving the electrode is completely saturated with hydrogen. 
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Figure 45. Time dependence ofthe electrode potential of a palladium coated gold TEM grid at +0.1 mA after 
the hydrogen loading in Figure 43. The solution was nitrogen purged H2SO4 (1 × 10-4 mol cm-3) with a RHE 
and a Pt wire CE. 
3.3.3 Iridium Oxide Reference Electrode 
Iridium oxide was deposited onto a gold TEM grid with a constant potential; afterwards the 
gold grid appeared dark blue, characteristic of iridium oxide, showing deposition had 
occurred [115, 119], Figure 46 and 47. 
 
Figure 46. Iridium oxide coated gold grid with current collector joined, showing its dark blue colour. 
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Figure 47. Optical micrographs showing the 300 mesh gold grid, after a coating of iridium oxide. 
Figure 48 plots the current-time transient for the deposition of iridium oxide and is 
consistent with previous reports [120]. The trace goes through a minimum, showing the 
completion of a monolayer on the gold grid surface. As the current increases gently, 
multiple layers of iridium oxide are deposited. The noise is due to the constant stirring 
throughout deposition. 
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Figure 48. Chronoamperometric deposition of iridium oxide at 0.65 V vs. SSCE; Two examples of iridium 
oxide depositions in the deposition bath with a Pt wire CE while the solution was continuously stirred. 
The black line in Figure 49 shows the characteristic reversible redox behaviour of the iridium 
oxide and is in agreement with previous results reported in the literature [116, 121, 122]. The 
red line corresponds to the gold TEM grid before deposition. On the iridium oxide CV, only 
one broad redox peak can be seen at ca. 1.02 V vs. RHE, resulting from the IrIV/IrIII redox 
couple. The peak broadening is probably because an amorphous compound was deposited, 
coupled with the varying state of hydration, as discussed in Sections 3.1.4.1 and 3.1.4.2. This 
peak has a relatively high positive potential more similar to the peak of a hydrous oxide 
layer [124]. This is to be expected with the potentiostatic fabrication method. Oxygen 
evolution occurs at ca. 1.35 V vs. RHE. To estimate the total charge of the redox reaction and 
hence the realistic operating lifetime of the electrode, the charge associated with the redox 
peak was calculated as 131 × 10-6 C using Equation 37. With a current of 10 × 10-12 A, 
specified by the potentiostat, this would give a working lifetime of 1.31 × 107 s (≈ 150 days). 
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Figure 49. A cyclic voltammogram of gold TEM Grid in 1 × 10-4 mol cm-3 H2SO4 vs. RHE before and after the 
deposition of IrOx at a scan rate of 0.02 V s-1 and at room temperature, 3rd scan. 
3.3.3.1 pH Sensitivity of an Iridium Oxide Electrode 
The pH sensitivity of the IORE was tested by monitoring its open circuit potential in five 
different solutions; H2SO4 (1 × 10-4 mol cm-3), NaOH (1 × 10-4 mol cm-3) and 3 buffer 
solutions; pH 4.01, 7.01 and 10.01, respectively. Figure 50 plots the open circuit potential vs 
pH, showing a linear relationship between the open circuit potential and solution pH over 
this pH range, with a gradient of -0.071 ± 0.007 V per pH unit and an intercept of 0.635 V vs. 
SSCE. This Super-Nernstian response is in good agreement with the observations made by 
other groups that followed the same fabrication method [116, 120, 134]. This pH dependent 
behaviour can be fitted to the Nernst Equation in Equation 43, where the reaction potential 
(E) can be calculated using the standard potential (EѲ) and the activities of the reduced 
species aRed and activities of the oxidised species aOx. 
    
  
  
  
   
    
   
  (43) 
To convert to Equation 43 to include a pH term, the natural logarithm can be converted to 
base 10, by the conversion in Equation 44. 
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                       where              (44) 
For this reaction aRed and aOx are H+ and ½H2, respectively. Substituting Equation 44 into 
Equation 43 gives equation 45. Where log10(aRed/aOx) = pH and the constants 2.303RT/F can 
be substituted to 0.059 V at room temperature. 
    
       
  
  
      
    
   
     
  
 
    (45) 
This equation can be applied to the iridium oxide electrode in solutions with different pHs, 
(see Equation 46) where -0.059/z (V) is the gradient and EѲ is the potential when the pH is 
zero, and can be plotted as in Figure 30. 
    
    
  
 
               (46) 
When z = 1 a Nernstian response is observed, whereas when z < 1 a super-Nernstian 
response is observed. For the electrode in Figure 50, z = 0.8. 
The insert in Figure 50 shows the IOREs response to pH against an RHE which shows 
Nernstian behaviour. The deviation from Nernstian behaviour is -0.012 V per pH unit (-0.2 × 
0.059z), with an intercept at 0.832 V vs. RHE. It is worth noting that both the RHE and 
PdHRE closely follow a Nernstian response to pH changes. Proton activity is liable to 
change within an operating PEFC due to changes in water activity and the possibility that 
protons are replaced by other cations. Having a RE which shifts with proton activity is 
advantageous as the HOR and ORR will also shift with this parameter.  
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Figure 50. A pH test of the iridium oxide coated gold TEM grid in five different solutions, including H2SO4 
(1 × 10-4 mol cm-3), three buffer solutions; pH 4.01, 7.01 and 10.01, respectively and NaOH (1 × 10-4 mol cm-3). 
The open circuit potential was measured for each point over a time of 300 s then plotted against the value 
measured by a pH electrode of five solutions simultaneously. (RE = SSCE). Insert shows values adjusted for a 
RHE. 
3.3.3.2 Reference Electrode Characterisation 
For use as a RE, the IORE needs to be kept at a constant pH where it should give a stable and 
reliable reference potential during an experiment. To test the stability of the IORE over long 
periods, it was tested over 85000 s (24 h) while sealed in PFSI using the hot press technique, 
then soaked in 1 × 10-4 mol cm-3 sulphuric acid to keep the PFSI well hydrated. Its initial 
open circuit potential was 0.847 V, that drifted by 0.007 V over 85000 s (Figure 51) (± < 1 mV 
h-1). Although this value of drift is not acceptable as a standard RE, it is acceptable for the 
benefits of being able to place the IORE so close to the WE and in-between the WE and CE. 
The open circuit potential is similar to the IORE tested at a range of pHs (Figure 50). The 
difference between these potentials is because a different IORE was used and as discussed in 
the introduction, section 3.1.4.2, the deposition process has an effect on the final potential 
readings, i.e. if a thicker layer is deposited, the potential would increase for all pHs [120]. 
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  Figure 51. Open circuit chronopotentiometry of an IORE encased in two PFSI membranes, solvated in H2SO4 
(5 × 10-4 mol cm-3) for 24 hours showing a drift of only 7 mV. 
For application in a PEFC, the RE will be exposed to oxygen and hydrogen. Therefore, the 
potential and stability of the open circuit potential was observed while purging the solution 
with different gases. The potential of the IORE was monitored for three hours while purging 
the electrolyte (5 × 10-4 mol cm-3 sulphuric acid) with N2, H2 and O2, respectively, Figure 52. 
The open circuit potential of the IORE in the nitrogen saturated electrolyte was 0.847 V vs. 
RHE, close to the potential of the electrode in Figure 51. As discussed previously, there are 
differences in each electrode potential caused by the fabrication, such as degree of hydration 
and thickness of the layer (Section 3.1.4). However, once this potential was realised, the drift 
of < 1 mV h-1 was comparable to that of the IORE in Figure 51. In a hydrogen-saturated 
electrolyte a potential of 2.2 ± 0.5 × 10-3 V vs. RHE was obtained.  This potential error was 
down to noise rather than the potential drift seen when the electrode is exposed to nitrogen 
and oxygen. Therefore, the IORE acts like a RHE when exposed to hydrogen, with a similar 
potential and minimal drift. After the exposure to hydrogen, the open circuit potential of the 
IORE was re-measured while N2 was bubbled through the solution. The potential returned 
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to about 0.830 V vs. RHE within 180 s (3 min). After the exposure to hydrogen, the electrode 
retained the dark blue colour of iridium oxide. These points demonstrate that the iridium 
oxide was able to recover rapidly after exposure to a hydrogen atmosphere. For the oxygen 
purged solution the RE was the least stable with a potential of 0.850 V vs. RHE and a 
3 mV h-1 drift. This is 0.020 V above that of the nitrogen purged solution and could be 
because of the formation of a mixed potential (oxygen reduction) at the electrode, similar to 
the effect as is seen with the PdHREs. A typical forward and reverse CV scan of the ORR 
from 1.1 V to 0.3 V vs RHE at 0.020 V s-1 takes ca. 80 s to complete. This is a very short time 
with respect to the rate of potential drift of the IORE, and therefore the change in the RE 
potential can be considered negligible. The potential jump between switching of the purge 
gas could cause some error, and a second RE, placed at a distance from the MEA but able to 
monitor the IORE has been considered, but not implemented in this project. Overall, iridium 
oxide gave a stable potential under all conditions, but the electrodes need calibration before 
use. This calibration technique would have to work in the solid-state electrochemical cell 
described in Chapter (Apparatus) and not introduce any source of aqueous electrolyte. A 
possible method would be to measure the IOREs potential against a second RE. This second 
RE will be a RHE with hydrogen gas flown over a Pt/C catalyst in contact with PFSI to 
monitor the potential of the IORE. It will be placed far from the MEA to avoid affecting the 
WE. 
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Figure 52. Open circuit chronopotentiometry of an IORE encased in two PFSI membranes, solvated in H2SO4 
(1 × 10-4 mol cm-3) purged with nitrogen, oxygen or hydrogen for 10800 s (3 h). 
3.3.4 Electrochemistry with the Reference Electrodes 
The PdHRE and IORE were investigated in the solid-state electrochemical cell described in 
Chapter 2. Figure 53 plots the CV of a platinum disk in contact with PFSI using the IORE. 
The cell was purged with humidified nitrogen. A typical CV of Pt was obtained [24], albeit 
with signs of oxygen contamination causing the CV to tilt due to an underlying cathodic 
current at lower potentials. The peaks are shifted by -0.8 V vs. RHE, in agreement with the 
open circuit potentials of the IOREs in Section 3.3.3.2.  
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Figure 53.  CV of platinum across a PFSI membrane in the SS-WJE experimental setup using an IORE. CE = 
gold mesh, scan rate at 0.02 V s-1, under a nitrogen purge. 
In this cell, a CV of platinum using the PdHRE was not obtainable. This may be because the 
cell is designed for high throughput of gases, which results in an increase of oxygen flowing 
through the cell. Consequently, an increase in parasitic reactions on the palladium surface 
would deplete the electrode quickly and cause its potential to drift. This high exposure to 
gases could work in the favour of the PdHRE when studying the HOR. Specifically, the 
plateau potential’s lifetime would be extended by exposing the RE to an increased partial 
pressure of hydrogen because the bulk hydrogen would be replenished. However, the 
PdHRE was used successfully in nitrogen purged sulphuric acid, represent by the black line 
in Figure 54, with the peaks shifted by + 0.070 V vs. RHE in agreement with the open circuit 
potential discussed in Section 3.3.2.3. The red line represents the use of an IORE and is in 
agreement with the CV in the electrochemical cell. 
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Figure 54. A platinum CV in H2SO4 (5 × 10-4 mol cm-3) using the two REs; black line used the PdHRE and the 
red line used an IORE. Scan rate at 0.02 V s-1. Nitrogen purged with a Pt wire CE. 
3.4  Conclusion 
Two different types of REs were constructed successfully with gold sputtered PCTE joined 
to a gold grid. Either palladium or iridium oxide were then deposited onto the gold grid to 
fabricate REs. These electrodes had a low profile (5 μm) and open structure (40 % porosity) 
which allowed them to be placed very close to the WE and inbetween the WE and CE to 
avoid large potential drops under dry conditions and secondary current distribution errors. 
The gold grid joined to the gold coated PCTE membrane was verified as a successful, 
contaminant free current collector. 
The distance of the RE from the WE was ideal for this grid geometry. With a bar width of 
31 μm, the RE should be > 50 μm, following the 3d/5 rule (Section 3.1.1.2). This was the 
thickness of Nafion® 212 (50 μm). Although to satisfy this rule, the holes within the gold grid 
must be completely filled with PFSI. The secondary current distribution could cause error in 
the sampled RU. This was minimised by having the RE very close to the WE. Ways to 
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improve this system would be to deposit the reference active material only in a 0.2 cm 
diameter area of the grid, or to decrease the CE to the same size as the WE, so the variation 
in sampled potential by the ring will cancel out any error caused by misalignment due to its 
symmetry. 
3.4.1 The Palladium Hydride Reference Electrode 
The PdHRE was promising despite the need to recharge it. The charge cycle can be rapid 
(< 30 s), and upon discharge the potential plateau lasted for over 2 hours at -0.070 V vs. RHE 
with an 0.008 V positive drift. A parasitic oxygen reaction was found to play an important 
role; affecting the potential, causing inefficient charging of the electrode and decreasing the 
period during which the potential was stable. Hotpressing between two PFSI membranes 
did not attenuate the parasitic reaction sufficiently. Due to this, the PdHRE was not 
considered suitable for the ORR as the potential plateau would be depleted rapidly. This 
electrode could still be used for the HOR for which it would acts as a RHE. 
3.4.2 The Iridium Oxide Reference Electrode 
A deposition technique that generated a layer of iridium oxide on the gold grid was 
demonstrated. Iridium oxide is pH sensitive, with a super Nernstian response of 0.071 ± 
0.007 V per pH unit at open circuit. As a RE, the iridium oxide layer achieved stability to 
within 0.001 V h-1 in nitrogen purged sulphuric acid. This increased to 3 mV h-1 drift in the 
presence of oxygen, while in the presence of hydrogen it acted like an RHE. Due to these 
potential drifts and the fact that each electrode held a different potential per pH depending 
on the deposition process, the potential needed to be calibrated before each use. To my 
knowledge, this is the first time iridium oxide has been used as a RE. Furthermore, these REs 
were implemented successfully into solid-state conditions (across a PFSI membrane). 
For the electrochemical experiments reported in Chapter 5, IOREs were used as they were 
considered the more stable of the two REs, especially for the ORR, which is the focus of this 
project. Also, a stable potential was achieved with the IOREs in HOR conditions, where they 
acts as a RHE. As reported, a potential shift occurs with change in gas.  To overcome this 
change in potential in the presence of different gases, a second RE has been considered for 
future experiments. The second RE will monitor the potential of the IOREs, so any drift or 
change can be quantified. It will be a RHE, with hydrogen gas flown over a Pt/C catalyst in 
contact with PFSI, and will be placed far from the MEA to avoid affecting the WE. 
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4 Catalyst Layer 
It is important that structural understanding of a catalyst layer is established in order to study the 
ORR. In this chapter, the literature for the development of catalyst layers is reviewed and then a brief 
discussion is given on how this understanding can be adapted to make a catalyst layer specific for the 
needs of this study. In particular, the design of an ultra thin catalyst layer to facilitate a uniform 
environment for all the catalyst nano-particles which mitigates resistive losses; placement of all the 
catalyst particles close to the PFSI membrane for ionic access, and close to the GDL for gas access and 
an electronic path. 
4.1 Introduction 
A typical catalyst layer tends to be between 5 – 30 μm thick (Figure 55) and consists of three 
phases: an electrical phase to conduct electrons, an ionic phase to conduct protons and a 
pore space to transport reactants and products to and from the catalyst. It is generally 
believed that all three phases need to be in contact for the HOR and ORR to occur. This 
region is called the three phase boundary and it is advantageous to maximise it. However, it 
has been argued that platinum can conduct protons and oxygen can diffuse through the 
PFSI membrane for thicknesses of less than 0.5 μm [135]. This somewhat expands the active 
area past just this three phase boundary. The electrical phase is chosen for its high electrical 
conductivity and is composed of the active catalyst plus a support when used. As described 
in the introduction on page 29, this tends to consist of platinum nano-particles supported on 
a corrosion resistant carbon. The second phase is the ionic phase for proton conduction. This 
consists of a solution form of PFSI also described in the introduction, allowing it to soak into 
the catalyst layer, coat the supported catalyst agglomerates and create percolation routes for 
protons to travel to and from the catalyst and the PFSI membrane. 
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Figure 55. Diagram of the catalyst layer (taken from [8]); shows the catalyst layer between the microporous 
layer and the polymer electrolyte, with gas channels and ionic and electronic percolation routes. 
The third phase within the catalyst layer is the pore space; it allows the transport of reactant 
gas to the catalyst and products away from the catalyst. It is important to keep these pores 
free from blockages or flooding of water, especially since the product at the cathode is water. 
This is because flooding inhibits mass transport of the reactants to and from the catalyst. 
4.1.1 Development of the Catalyst Layer 
The preparation and deposition of the catalyst layer are very important in achieving the 
desired structure as these will affect its overall performance. In order to study the kinetics of 
platinum in fuel cell conditions, a catalyst layer requires optimisation to avoid mass 
transport limitations or resistive losses. Wilson et al. [136] recognised that the optimal 
properties of a catalyst layer were hydrophobicity, thinness, uniformity and the proper ratio 
of PFSI, support and catalyst. Throughout the past two decades, complete control of the 
catalyst layer has never been achieved. Nonetheless, the catalyst layer known today has 
gone through a long empirical optimisation [8]. This optimisation is discussed below in 
detail. 
4.1.1.1 High Loading Catalyst Layers 
Initial catalyst layers consisted of a layer of platinum black [8, 9], applied onto a GTL or 
polymer electrolyte. These were then hotpressed to form a membrane electrode assembly 
(MEA). The catalyst layers were only made of two phases, an electrical and a gas transport 
phase. Because of a lack of PFSI in the catalyst layer, only the small percentage of platinum 
at the interface with the electrolyte membrane had the possibility to be active. Therefore 
high catalyst loadings of 4 to 10 mgPt cm-2 were needed [9]. The first high profile use of a fuel 
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cell was the Gemini space program in 1965, which used a large loading of 28 - 35 mg cm-2 
platinum black in the cathode [9, 137]. 
4.1.1.2 Reduction in Catalyst loading 
Due to platinum’s inherently high catalytic activity and stability, it is the preferred catalyst 
in PEFCs. However, the high cost of platinum requires more efficient utilisation for PEFCs to 
become economically viable [136]. The PEFCs with high loading catalyst layers used 
platinum black as the catalyst, with particle sizes between 5 and 20 nm [8, 28]. An effective 
way to use platinum more efficiently is to increase the surface area per gram by using 
smaller particle sizes. Already, phosphoric acid fuel cells (PAFC) utilised platinum nano-
particles supported on a suitable corrosion resistant carbon [9]. The catalyst layer involved 
platinum particles of 2 - 5 nm diameter on a corrosion resistant carbon and in the liquid 
electrolyte of PAFCs it proved to be very effective as all the catalyst particles were accessible 
to the three criteria; ionic, electronic and reactant gas. When using a polymer electrolyte, 
only platinum particles facing the polymer electrolyte were in ionic contact, and although 
supporting the platinum particles on carbon enabled increased surface area per gram of 
platinum, this did not increase the platinum surface area in ionic contact. 
The addition of a PFSI in the solution (described in Section 4.1.1.7) form to the catalyst ink 
meant that the three phase boundary of the catalyst layer was extended. As a result, highly 
dispersed platinum particles on a carbon support became ionically connected throughout 
the thickness of the electrode. The PFSI impregnated between the carbon agglomerates 
activated the platinum particles further from the membrane. Raistrick [138] was the first to 
add a solution form of PFSI to the catalyst layer and also recognised the improvements a 
Pt/C catalyst would bring. In this method, the catalyst layer consisted of Pt/C (0.5 mgPt cm-
2) mixed with polytetrafluoroethylene (PTFE) (30 – 40 %). PTFE was chosen for its binding 
and hydrophobic properties and is discussed in Section 4.1.1.3. This mixture was deposited 
onto a GTL and a platinum layer of 0.05 mgPt cm-2 was sputtered onto the surface. The 
soluble form of the PFSI was then brushed or sprayed onto the Pt/C catalyst layer and 
allowed to impregnate. This impregnation of PFSI via a soluble form meant the platinum 
loading could be reduced by a factor of eight while retaining equivalent geometric catalytic 
activity, from 4 mgPt cm-2 to 0.5 mgPt cm-2. 
The catalyst loading was further reduced to 0.35 mg cm-2 with the same level of performance 
reported by Ticianelli et al. [65, 139]. The cyclic voltammograms (CV) in Figure 56 highlight 
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the difference in active surface area between a catalyst layer of 0.35 mgPt cm-2 loading with 
and without PFSI impregnation. Furthermore, the catalyst layer with PFSI impregnated is 
very comparable in size and therefore in active surface area to the previous high loading 
catalyst layers of 4 mgPt cm-2. This shows the importance of adding PFSI to the catalyst layer. 
They prepared the electrodes in a similar way to Raistrick while optimising the amount of 
PFSI and found 3.3 wt. % PFSI in their electrode gave the best results; see section 4.1.1.7 for 
more detail. They demonstrated that the amount of PFSI in the electrode is a compromise 
between having better ionic conductivity at higher loadings and a decreased chance of 
retarding the reactant gas or causing flooding at low loadings. Hence their optimum was 
selected to limit the Ohmic and mass transport limitations. Due to this addition of ionic 
conductor to the catalyst ink, catalyst layers can be extended to  between 5 - 30 μm thick 
while remaining effective [8]. 
 
Figure 56. CV showing the development of catalyst layers from [65]. Pem D- 120 and PEM-5 show 0.35 mgPt 
cm-2 loading catalyst layers from protech electrodes impregnated with PFSI or as received, respectively. 
PEM-3 shows a 4 mgPt cm-2 loading electrode from GE/HS-UTC as received. Scan rate was 0.1 V s-1. 
The method of PFSI impregnation often caused inconsistent, heterogeneous coatings of the 
catalyst layer. Some areas would contained too much PFSI hindering the reactant gases, 
while other areas contained too little and resulted in underutilization of the catalyst [136, 
140]. Wilson et al. [136, 141] further refined the deposition by mixing the Pt/C with PFSI in 
water and glycerol to form an ink with a homogeneous mix of catalyst and PFSI. This 
improved the dispersion of PFSI through the catalyst layer and therefore increased the 
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number of platinum particles in ionic contact. Consequently, they were able to further 
reduce the loading from 0.4 to 0.15 mgPt cm-2, while achieving similar current densities. The 
catalyst layer described is the basis of all current catalyst layers with slight alterations such 
as the addition of PTFE, solvents used in deposition, PFSI loading etc. 
4.1.1.3 Addition of Polytetrafluoroethylene (PTFE) 
A notable improvement to early catalyst layers was accomplished when the platinum black 
catalyst was mixed with PTFE (30 – 40 %) to act as a binder and hydrophobic layer, which 
prevented flooding and enabled the catalyst layer to be applied directly to the electrolyte 
membrane. This research was implemented in the 1970s and came directly from PAFC 
research during the same period [9]. Watanabe et al. [142] agreed with the optimum PTFE 
content of 30 % but showed a catalyst utilization of 75 % when testing a catalyst in 
phosphoric acid (utilisation is described in Section 4.1.1.4). Catalyst utilisation is described 
in Section 4.1.1.4. This reduction of utilization probably came about because the proposed 
ideal thin layer coating of PTFE was actually forming large PTFE clumps in the electrode. 
Clumps have been shown to block gas channels or break electric and ionic contact, reducing 
performance and electrochemical surface area (ECA) [141]. Later they showed a method to 
overcome the formation of large PTFE accumulations by separately preparing hydrophobic 
PTFE coated carbon. These hydrophobic carbon particles could then be mixed together with 
the catalyst coated carbon particles to form a catalyst layer which gave 100 % utilisation of 
catalyst in liquid electrolytes such as phosphoric acid and sulphuric acid [143]. 
Upon transferring the experiments from a liquid electrolyte to a PEFC and adding PFSI to 
the catalyst layer, Wilson et al. [141] observed their catalyst layers worked best without PTFE 
and suggested the PFSI took over the binding role of PTFE. The PFSI gave the catalyst 
structural integrity while removing the PTFE allowed better electronic and ionic percolation 
routes, reducing the resistance of the electrode.  
The permeability of oxygen and hydrogen through PTFE (Figure 57 [68]) is noticeably lower 
than hydrated Nafion® or even water. Consequently, a catalyst particle surrounded by a 
large clump of PTFE becomes considerably more mass transport limited than if covered by 
Nafion® or water. It is worth noting that water is believed to have a major role in the 
transport of the reactant gas through Nafion® and therefore dry Nafion® has a low 
permeability similar to PTFE. The gas diffuses through the water channels within the 
clusters of hydrophilic side chains (Figure 2 on page 29 in the introduction). As the PFSI is 
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increasingly hydrated, its permeability coefficient tends towards that of the species in water 
[78]. Although Nafion® and water have much higher permeability coefficients than PTFE 
this is still much reduced compared to an open pore. This was highlighted in Chapter 1, 
Table 1 on page 38, with an effective permeability of oxygen through a GTL (with open 
pores) 6 orders of magnitude greater than in 5 × 10-4 mol cm-3 sulphuric acid. 
 
Figure 57. Two graphs to show the permeability coefficient of a) oxygen and b) hydrogen through a number 
of materials from [68].  
Uchida et al. [144] took the PTFE coated carbon method [142] and adapted it to the PEFC, 
finding an increased activity at high overpotentials with an optimum of 1 mgPTFE cm-2. The 
debate as to whether the addition of PTFE is positive or negative is still ongoing with most 
recent research deciding to exclude PTFE from the catalyst layer [8, 140, 145, 146]. 
4.1.1.4 Catalyst Utilisation and Pore Distribution 
The catalyst utilisation is the percentage of real surface area (RSE) to surface area which is 
electrochemically active (ECA), Equation 47. 
                    (47) 
For a catalyst particle to be electrochemically active it needs to be in electronic and ionic 
contact. In a PAFC the catalyst utilisation has been increased to 100 % [143]. This has been 
achieved because the ionic phase is liquid (phosphoric acid) and is able to penetrate all areas 
of the catalyst layer. A solid polymer does not penetrate like a liquid, thus high utilisation is 
harder to attain. Early PEFCs used platinum black with particles of 12 nm diameter, but only 
the platinum surface area in contact with the electrolyte membrane would have been 
a) b) 
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electrochemically active; this method gave a utilisation as low as 10 % [147]. Upon the 
addition of PFSI, the ionic percolation was increased into the catalyst layer [138], giving the 
ability to increase catalyst utilisation. During this time the catalyst was also swapped to 
Pt/C to better exploit the catalyst, increasing surface area per gram of platinum catalyst. 
Utilization has been reported in the literature from anywhere between 60 - 98 % [28, 148]. 
Tayler et al. [149] developed a method called electrochemical catalysation, where the 
membrane and uncatalysed catalyst layer were first produced, then the catalyst was 
electrodeposited through the PFSI into the electrode, thus only depositing in regions of both 
electronic and ionic conductivity. In theory this should give 100 % catalyst utilisation and 
they report a tenfold mass activity increase for the oxygen reduction reaction against a 
catalyst layer produced in a similar fashion to Raistrick [138]. Although 100 % utilisation of 
the catalyst is beneficial, this only fulfils two of the three requirements: electronic and proton 
accessibility. The catalyst can be buried far from a source of gas. At increasing current 
densities, these nano-particles become isolated from the reactant gas, which results in loss of 
active catalyst sites (referred to here as kinetic utilisation) in the catalyst layer [150]. Also this 
method is complicated, as it requires electrochemical plating after the manufacturing of the 
electrode assembly and is therefore not suitable for large scale production. 
Looking closely at the pore distribution in a catalyst layer, the structure is hierarchical. The 
space in-between the primary carbon particles within the agglomerate are primary pores 
and the space in-between the agglomerates are the secondary pores. Areas greater than these 
are characterised as gas channels [142, 144, 146] , see Figure 58. The boundary between these 
pores is of some debate, Watanabe et al. [142] assigned the primary pores as below 0.1 μm 
diameter, and the secondary above, whereas Uchida et al. [144] defined the boundaries as 
0.04 and 0.1 μm, with primary pores being below 0.04 μm, the gas channels above 0.1 μm 
and secondary pores in-between, noting different preparation methods as the reason for the 
discrepancy. A liquid electrolyte is able to penetrate both the primary and secondary pore 
space, hence the ability to achieve 100 % utilisation. Due to the larger size of ionomer, PFSI 
tends not to penetrate the primary pores [144]. This lack of PFSI in the primary pores can 
render some platinum particles ionically isolated, lowering the catalyst utilisation. 
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Figure 58. Diagram of the pore structure in a catalyst layer containing Pt/C and a polymer electrolyte. 
Showing the primary pores between primary particles within an agglomerate and the secondary pores in 
between the agglomerates. Taken from [144]. 
4.1.1.5 Effect of Solvent on Catalyst Layer Deposition 
Solvents have been used in the catalyst inks to tailor for different properties, producing an 
array of different catalyst inks as shown in Table 9. Glycerol is an excellent solvent for the 
catalyst ink due to its high viscosity; it can keep Pt/C catalyst highly dispersed after 
sonication and easy to apply a thin uniform coat. For these reasons, it became the solvent of 
choice for a number of groups [73, 140, 141, 151] after Wilson et al. [136] used it successfully. 
Wilson et al. also noted that glycerol proved hard to remove given its high boiling point, 
requiring a more aggressive heat treatment, up to 200 °C to dry the catalyst layer. This 
resulted in a measured decrease in ion exchange ability, suggesting a decrease in the number 
of sulphonic acid groups within the polymer. This can be overcome by using the sodium 
form of the PFSI which has better thermal stability, but another process has to be added to 
later protonate the PFSI [73]. This problem prompted other groups to use alternative 
solvents such as propan-2-ol [28, 152, 153] or ethylene glycol [145] and by adding less 
solvent, they acquire the correct viscosity. 
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Table 9. Catalyst inks reported in the literature and in this thesis. 
Paper or source of catalyst 
preparation 
Solvents 
Pt/C:PFSI 
ratio (Vol.) 
PFSI:Solvent 
ratio (mg:ml) 
Wilson et al. [136] 
Water 
Glycerol 
1:0.4 1:44 
Ushida et al. [3] Butyl acetate 1:0.4 – 0.8 1:60 
Gasteiger et al. [28] Propan-2-ol 1:1 1:7.7 
Stanley et al. [154] 
Butyl acetate 
Propan-2-ol 
Not stated 1:99 
Chisaka  et al. [145] 
Ethylene 
glycol 
1:0.6 1:44 
Water (this work) Water 1:1.1 1:2500 
Colloid (this work) 
Butyl acetate 
Propan-2-ol 
1:1.1 1:2020 
 
The sustained high dispersion of Pt/C catalyst within the ink after sonication was the main 
reason for favouring glycerol. Later Uchida et al. [3] investigated the effect the solvent had 
on the dissolved PFSI and how this would affect the final catalyst layer. They noted that the 
PFSI could be manipulated in solution into three forms by changing the dielectric constant 
of the solvent due to its copolymer structure, with a hydrophobic segment (a PTFE like 
backbone) and a hydrophilic segment (chains ending in a sulphonic acid group) [6]. Solvents 
which have a dielectric constant > 10 caused the polar side groups to be energetically 
stabilised by the solvent and the PFSI dissolves, between 10 and 3, the polar side groups 
become insoluble and curl up to form a reverse micelle structure (colloids) with the non-
polar backbone on the outside (Figure 59) and below 3 the PFSI precipitates. They observed 
that most of the PFSI colloids would adsorb onto the Pt/C surface in the presence of the 
Pt/C catalyst particles, forming a clear supernatant solution, and argued that cross-linking 
occurred between the PFSI colloids upon sonicating which made an improved ionic 
percolation network. 
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Figure 59. Diagram of the catalyst solutions (taken from [3]); a) shows the PFSI in the dissolved form, b) the 
PFSI in colloid form and c) and d) showing the PFSI colloid incorporating around the supported catalyst and 
then further agglomerating to form an ionic percolation route.  
From the solutions which formed the colloids, butyl acetate, tetrahydrofuran, acetic acid and 
ethyl acetate were tested and butyl acetate was found to give the best performing catalyst 
layer although no explanation was presented. 
Table 10. Effect of the dielectric constant (ε) of a selection of commonly used solvents on PFSA adapted from 
[3] (* taken from [75]). 
Solvent 
Dielectric constant 
(ε) PFSA form 
Water 80.20* Dissolved 
Glycerol 42.5 Dissolved 
Ethylene 
glycol 38.66 Dissolved 
Butyl acetate 5.01 Colloid 
Propan-2-ol 18.3 Dissolved 
 
Shin et al. [146] conducted a comparison of catalyst layers prepared with two inks containing 
(1) the dissolved form of PFSI and (2) the colloid form of PFSI. They found the PFSI was able 
to penetrate the primary pores of the carbon agglomerates better in the dissolved form, 
therefore coating the platinum particles more comprehensively, but they consider the 
possibility that the PFSI blocks the electrical conductivity of the carbon with this complete 
coating around the carbon agglomerate, decreasing catalyst utilisation. The colloid method 
caused the PFSI to encapsulate the carbon agglomerates and form a bigger colloid, which 
upon deposition caused a more porous catalyst layer, increasing mass transport of reactants 
to the Pt particles. They also showed that the colloid method gave a more continuous proton 
pathway, improving proton conduction, but at the same time they suggest the ECA would 
be reduced as the PFSI agglomerate does not fill the spaces between the Pt/C primary 
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particles (the primary pores) too well, reducing the number of platinum particles in ionic 
contact. Overall they found the colloid method to result in a 20 % higher cell performance 
[146]. It is worth noting that the catalyst was deposited onto the GTL in this study. This 
method could favour the colloid form because the larger agglomerates are less likely to enter 
and block the pores of the GTL compared to the dissolved PFSI ink. 
Chisaka et al [145] reasoned that the evaporation of solvent also has an effect on the catalyst 
layer structure. They chose two solvents, propylene glycol (PG) and ethylene glycol (EG), 
which both dissolved the PFSI (ε > 10) and compared the catalyst layer structures. As 
mentioned above, glycerol was hard to remove from the catalyst layer because of its high 
boiling point. Pure PG and EG have boiling points of 460 and 470 K, respectively, but form 
azeotropes in aqueous solutions, thus eliminating the problem of removing the solvent at 
higher temperatures. In comparison, they found the PG preparation increased the porous 
region to give a 30 % less dense catalyst layer, whereas the EG preparation resulted in a 
higher catalyst utilization. In conclusion, electrodes prepared with EG performed better but 
were more sensitive to catalyst loading due to the reduced pore size, which might incur 
mass transport losses. 
Fischer et al. [73] applied another method to change the pore structure by the addition of a 
pore former to the catalyst ink, to be removed after deposition. With the addition of a pore 
former the porosity of the catalyst layer could be increased to 65 % from 35 %, although the 
electrical conductivity is reduced upon increasing porosity. They found increasing the 
porosity of the catalyst layer increased performance when air was used at the cathode side. 
However, the increased porosity decreased the performance when oxygen was used. This is 
to be expected, as the use of air causes a concentration polarisation where the oxygen needs 
to diffuse through nitrogen to get to the catalyst. Hence, a larger pore size is needed for air 
to avoid mass transport limitations. This was due to the accumulation of nitrogen (depletion 
of oxygen) within the pores causing a concentration polarisation and therefore increased 
porosity helped reduce this. 
As shown above, organic solvents have been used to control catalyst layers and improve the 
performance. While this is positive, Ralph et al. [155] argued that trace amounts of organic 
materials will always be left in the catalyst layer after production with these organic solvents 
due to the favourable adsorption properties of the highly porous carbon support. These 
trace amounts of organic materials may react with and poison the electrocatalyst or change 
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the water handling properties, increasing the probability of flooding the catalyst layer. They 
have optimised their production to an aqueous only method, as both effects would notably 
reduce the performance of the electrode. However, they note that effects caused by organic 
materials might not be observed until the PEFCs have been in operation for several 
thousands of hours. 
4.1.1.6 Deposition Method 
A catalyst ink can be deposited in three different ways [28]: by direct deposition onto the 
polymer electrolyte, which is referred to as catalyst coated membrane (CCM) [141]; by direct 
deposition onto the GTL, which is called catalyst coated substrate (CCS) or indirect 
deposition onto a substrate, then transferred onto the membrane via the decal method. Early 
works relied on CCS to deposit the catalyst layer [9, 65, 138, 139]. The colloidal method was 
later used in conjunction with CCS [3, 146] as the agglomerates are less likely to enter and 
block the pores of the GTL. In this method, either the solvent is left to dry on the GTL or the 
GTL is used as a crude filter, sucking the solvent through under vacuum. The decal method 
has become increasingly popular [28, 136, 145] as it involves deposition onto a substrate 
such as PTFE which is a lot less rough than a GTL and therefore has the advantage of 
forming flat uniform layers [136], see Figure 60. The CCM method is preferred by some 
groups [141, 156] as it has been found to improve the interfacial continuity between the PFSI 
in the catalyst layer and the PFSI in the membrane. Although, care must be taken upon 
depositing directly onto the membrane as if large amounts of solvents are absorbed into the 
PFSI membrane, the solvent can cause irreversible swelling or large amounts of swelling 
which can causes catalyst cracking upon shrinking [156].  
 
Figure 60. Deposition of the catalyst layer via the Decal (taken from [136]); the catalyst layer is deposited onto 
a PTFE sheet, the solvent evaporated off, then it is hotpressed onto the electrolyte membrane, before the PTFE 
sheet is peeled off. 
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4.1.1.7 Perfluorosulphonic Acid Loading 
The effect of PFSI loading in a catalyst layer has been extensively investigated [65, 136, 140, 
144, 152, 153]. By adding PFSI to the catalyst layer, it is well known that this proton 
conductor extends the three dimensional reaction region beyond the interface of the PFSI 
membrane [138]. An optimum amount of PFSI within the catalyst layer is a balance between 
minimising the ionic resistance and maximising the ECA and mass transport of reactant gas 
to the electrode [140]. Upon first incorporating PFSI to the catalyst layer Ticianelli et al. [65] 
reported that too low PFSI loadings causes a high percentage of catalyst particles to not be in 
ionic contact and therefore inactive. Too high PFSI loadings created a dense layer of PFSI 
covering the platinum particles and even blocking entire flow channels, which led to 
reduced performance due to mass transport limitations. In addition, too much PFSI could 
also break the percolation of carbon and increase the electrical resistance of the catalyst layer 
[3, 28]. The ideal loading would lead to a morphology of PFSI in the catalyst layer that 
covers all platinum particles with a thin layer of PFSI which has a percolation route to the 
membrane. Considering the permeability of oxygen through recast PFSI, ideally a 5 nm film 
or less is needed not to introduce significant oxygen transport losses [25]. Experimentally, 
this is very hard to achieve and depends a lot on the deposition method [3, 145]. 
Nevertheless, Ticianelli et al. [65] calculated a PFSI value of 3.3 wt. % of the total electrode 
weight to be the best loading, after which the performance decreased rapidly while using a 
20 wt. % Pt/C catalyst loading of 0.35 mgPt cm2. Unfortunately, the weight percentage of 
PFSI in the catalyst layer cannot be calculated as the PFSI weight percentage includes the 
GTL. Table 11 shows a list of optimised PFSI loadings in catalyst layers by different 
methods, generally a 26 to 40 wt. % weight fraction of PFSI provides the optimum catalyst 
performance at both low and high overpotentials. Because this project utilises a 60 % Pt 
loading on carbon, a column in included which compares the PFSI volume fraction of the 
catalyst layer as this seems more appropriate for comparison. Using different platinum on 
carbon percentages can skew results due to the substantially different densities of platinum 
and carbon, 21 compared to about 2 g cm-3, respectively [157]. 
In the case of Ticianelli et al. [65] and Poltarzewski et al. [152] PFSI was added via an 
impregnation technique which involved soaking the already formed catalyst layer in the 
PFSI solution. It is believed that the PFSI solution only covers the outer Pt/C clusters 
(secondary pores) using this technique. A later method [136, 141] introduced the PFSI 
solution into the catalyst ink before deposition which allowed the PFSI to penetrate into the 
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space between the catalyst particles (primary pores) as well as the secondary pores, 
therefore creating ionic contact with a greater amount of catalyst particles. In addition, more 
PFSI could be added before a decrease in performance was seen due to the PFSI blocking the 
secondary pores [140]. Although the results from Wilson et al. [136] do not reflect this, later 
results do [140, 144, 153]. 
Table 11. A table to show optimum PFSI loadings from the literature, adapted from [140]. 
Catalyst 
Loading  
/ mg cm-2 
Pt in 
Pt/C / % 
PTFE in 
the 
Catalyst 
Layer 
PFSI 
incorporation 
Optimum 
PFSI/PFSI + 
Pt/C (w / w) / 
% 
Optimum 
PFSI/PFSI + Pt/C 
(vol / vol) / % Ref. 
0.5 20 Yes Impregnation 26 31 [152] 
0.2 19.8 No Mixed in ink 26 30 [136] 
0.5 25 Yes Mixed in ink 33 40 [144] 
0.4 10 No Mixed in ink 33 36 [153] 
0.2 20 No Mixed in ink 40 46 [140] 
    Antolini et al. [140] produced an equation using previous literature as well as their own 
results to calculate the optimum PFSI loading as a function of catalyst loadings (LPt) and 
weight percentages of metal supported on carbon (PPt), Equation 48. 
         
   
   
 (48) 
However, the equation neglects several aspects. There is no explicit solvent dependency, 
although the literature used to formulate this equation covers a range of solvents. The 
solvents can change the morphology of the electrode and have considerable bearing on the 
electrode performance as discussed in Section 4.1.1.3. Moreover, the study used H2SO4 as 
electrolyte which could affect the results, i.e. Pt particles which otherwise would be ionically 
isolated would be activated resulting in an underestimate of PFSI needed. 
4.1.2 Catalyst Layer Adaptation for Kinetic Studies of Pt Nano-Particles 
In summary, there are many different ways to fabricate an electrode, each with different 
properties. It is important to modify the structure of a catalyst layer to obtain the properties 
that are beneficial for its function. The objective of this work is to realise a system to study 
kinetic phenomena under high current densities. Consequently, the catalyst layer has to be 
tailored for maximum internal resistances and mass transport losses. It has been shown that 
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a thick catalyst layer can have internal mass transport limitations leading to inhomogeneity 
throughout the catalyst layer. In fact, the active catalyst layer thickness is limited to about 
5 μm regardless of how thick the catalyst layer is, due to this internal limitation at high 
current densities [136]. Therefore, it is highly desirable to fabricate very thin catalyst layers, 
where the catalyst particles are both close to the PFSI membrane for ionic access, and close to 
the GDL for gas access and an electronic path. This will exclude internal inhomogeneity 
through operating conditions (from 0.6 – 0.8 V for a typical fuel cell [16]) as far as possible 
due to mass transport losses and ionic or electronic resistances. The aim of this project was 
to create a catalyst layer with a thickness of less than 1 µm, well below internal limitations. 
Thus, the catalyst layer itself will not be mass transport limited, which is ideal to investigate 
kinetic contributions to the overpotential under high current densities [158]. The catalyst ink 
and deposition is very important to achieve a uniform catalyst layer that is as thin as 1 µm. 
Initially a series of depositions using the CCM deposition technique was tried. Figure 61 
shows optical microscope images of catalyst layers deposited from catalyst mixtures shown 
in Table 9, chosen because they had all been used previously in the literature [3, 28, 136, 145, 
154] and have a selection of properties such as varying viscosities and different interaction 
with the PFSI. The catalyst layers were prepared with the following solvents: a) glycerol, b) 
butyl acetate, c) propan-2-ol, d) a mix of butyl acetate and propan-2-ol, e) ethylene glycol 
and f) and g) water. All the catalyst spots have different properties reminiscent of the 
solvent impact on the catalyst layer morphology [145, 146], described in Section 4.1.1.5. The 
catalyst mixtures contained catalyst equivalent to a 10 µgPt cm-2 catalyst loading over a 0.2 
cm diameter area. Therefore, these catalyst layers have ultra-low loadings compared to the 
literature. At these loadings it is difficult to form a uniform layer as revealed by the gaps 
appearing within the catalyst and the deformed shapes in Figure 61. The properties of the 
solvent used to create the catalyst spots in images a), c) and d) include high viscosity and a 
dielectric constant to dissolve PFSI. They reveal quite uniform layers, with the catalyst spot 
in c) appearing the most uniform. This is probably because it was produced using the most 
viscous ink, although it became increasingly more difficult to accurately deposit the correct 
amount with increasing viscosity. Images b) and d) show catalyst layers prepared using 
solvents with PFSI in the colloid form. The catalyst particles have agglomerated to form 
distinct regions of catalyst and not a uniform layer. 
All of the catalyst spots shown in Figure 61 a) to e) have a different shape, depending on 
their initial placement from an auto-pipette. Controlling shape becomes harder as the 
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viscosity of the catalyst ink increases, making a reproducible circular shape of 0.2 cm 
diameter hard to achieve. Images f) and g) show catalyst spots prepared with an ink that 
uses water as the solvent and overall lower viscosity. The spot’s shape could be controlled 
more precisely, with image g) showing a spot diameter of 0.204 cm, when aiming for 0.2 cm. 
However, using low viscosity inks brings another challenge. Upon evaporation capillary 
effects occur, where the outside of the drop dries faster than the middle due to the curvature 
of the drop. A flux of solvent from the middle of the drop to the outside is created, pulling 
the catalyst particles with it to create a ‘coffee ring’ of catalyst, Figure 61 f). For more 
information on this phenomenon see [159, 160]. These could be reduced by slowing the 
drying rate, as show from Figure 61 g), dried in 100 % humidity but the effect is hard to 
eliminate completely and all the more noticeable at the sub 10 µgPt cm-2 catalyst loadings in 
this report. In conclusion, a viscous ink is needed to produce a suitable thin and uniform 
catalyst layer via CCM because of capillary effects, but upon making the catalyst ink more 
viscous it became harder to control the amount deposited and harder to control the diameter 
or shape of the catalyst spot. 
 
Figure 61. Optical microscope images of catalyst layers deposited via the CCM method onto Nafion® 117; Each 
used a different catalyst ink shown in Table 9, using the following solvents a) glycerol, b) butyl acetate, c) 
propan-2-ol, d) a mix of propan-2-ol and butyl acetate, e) ethylene glycol and f) and g) water dried in an open 
container and in a 100 % humidity atmosphere, respectively. 
To overcome these problems, the catalyst was deposited via vacuum filtration onto the 
substrate which is referred to as the VFS method. Vacuum filtration has the advantage of 
being a self-levelling technique which provided an ultra-thin uniform catalyst layer. To 
reduce loss of catalyst and PFSI down the pores of the gas transport layer upon filtration, the 
colloid ink method was chosen with its advantages of better ionic pathways and larger pores 
for the reactant gas to flow to the electrode [3, 146].  
a) b) c) d) 
 
e) f) g) 
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4.2 Experimental 
4.2.1 Preparation of the Catalyst Ink 
For reasons stated in sections 4.1.1.5 and 4.1.2, a catalyst ink similar to Stanley et al. [154] was 
adopted, using the colloid mixture presented by Uchida et al. [3, 161]. Pt/C catalyst (Alfa 
Aesar, 60 wt. % Pt on HiSPEC carbon support, HiSPEC™ 9100), butyl acetate (Sigma, 
anhydrous grade), propan-2-ol (VWR, normapur analytical reagent) and Nafion® solution 
(DuPont DE521 Nafion® solution, 5 wt. % in solution containing low aliphatic alcohols and 
water) were used as received. To produce the ink, Propan-2-ol (570 mg) and butyl acetate 
(950 mg) were added to the Pt/C catalyst and mixed using a sonicator (Powersonic P230D) 
for 10 minutes to ensure a homogeneous mixture of Pt/C catalyst. Nafion® solution 
(380 mg) was added and the mixture was sonicated for a further two hours. This method 
allows the platinum catalyst to be dispersed before adding the Nafion® solution which 
forms colloids upon contact with the ink, coating the Pt/C catalyst [161]. A corresponding 
quantity was taken from the catalyst ink to give a catalyst spot of 0.2 cm diameter at a 
chosen loading. This quantity was diluted to 2 ml with a 50:50 mix of butyl acetate and 
propan-2-ol so enough liquid would go through the filter to achieve a uniform layer of 
catalyst during vacuum filtration. 
Table 12. The mixing ratios for the catalyst ink. 
Compound Mass / mg Solvent ratio 
Nafion® solution 380 1 
Propan-2-ol 570 1.5 
Butyl acetate 950 2.5 
Pt/C 50 - 
Pt/C : Nafion® volume ratio 1:1 
  
4.2.2 Preparation of the Working Electrode 
Figure 101 shows the preparation method of the working electrode. A porous PCTE 
membrane (Sterlitech, PCTF0447100) was used as a gas transport layer. It was washed to 
remove impurities in a Soxhlet extractor, with propan-2-ol, followed by ultra pure water 
(18.2 MΩ cm resistivity, Millipore Milli-Q) under reflux for 8 h each. A 100 nm gold layer 
was sputtered onto the PCTE membrane by plasma etching of a gold target (Emitech, 
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TK8889) with a sputter machine (Emitech K575X) to act as a current collector. The gold layer 
thickness was monitored using a film thickness monitoring crystal (FTM crystal, Emitech). 
 
 
Figure 62. The step by step process to fabricate the catalyst and gas transport layer/current collector, showing 
a) the porous PCTE membrane, b) after a sputtered gold layer, c) after the deposition of the catalyst and d) 
after the coating of Teflon AF. c) Shows a 0.2 cm spot diameter, with a loading of 50 and 10 μgPt cm-2 for the 
top and bottom electrode, respectively. 
For the catalyst spots which were prepared via evaporation, a micropipette (BIOHIT proline 
0.1 – 2.5 μl) was used to deposit the catalyst ink onto a PFSI membrane (Ion Power Inc., 
Nafion® NR-212) before leaving to dry. Later, vacuum deposition with a filter holder (Cole 
Parmer, KH-02920-00) and an in-house mask (PCTFE) was used to deposit a 0.2 cm diameter 
spot of catalyst onto the gold side of the PCTE (Figure 63). 
 
Figure 63. Photo of vacuum filtration equipment; a) shows the filter holder and b) shows the in house made 
mask for depositing catalyst spot sizes of 0.2 cm diameter. 
d)     c) 
 
a)     b) 
a)           b) 
3 cm 
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PCTFE was utilised because it has a water contact angle of 90 °C. Therefore, when filtering 
water the meniscus will be horizontal, allowing the catalyst to deposit uniformly onto the 
substrate surface. Although water was initially used as the solvent for the catalyst ink, 
propan-2-ol and BA were chosen later due to their improved deposition, creating a colloidal 
mixture. Propan-2-ol and BA completely wet PCTFE but because they have a lower surface 
tension (Table 13) the meniscus effect on the catalyst particles is reduced. Thus a uniform 
catalyst layer is still achievable.  
Table 13. Surface tension of various solvents from [75] 
Solvent 
Surface Tension 
/ mN m-1 
Temperature 
/ °C 
Water 72.75 20 
Propan-2-ol 20.93 25 
Butyl acetate 24.88 25 
 
The gold coated PCTE was placed on the filter holder above a filter paper (Whatman, 
1825150) then clamped together. Catalyst loadings between 1 and 50 μgPt cm-2 were studied. 
For some experiments a 10 and 5 nm sputter coating of platinum was used as the catalyst, 
via the same deposition as the gold current collector. The sputtered layer thicknesses were 
chosen to be comparable to the ECA’s of the Pt/C catalyst layers. To protect against water 
build up and possible flooding within the pores of the gas transport layer, a 1 wt.% solution 
of Teflon AF (DuPont DeNemour, Grade AF2400) dissolved in Fluorinert® FC-40 (Sigma, 
F9755) was brushed onto the bare side of the PCTE membrane (0.21 μg cm-2) to provide a 
thin coating. The complete working electrode was then dried for 1 h in a vacuum oven 
(Townson and Mercer Limited, 90 °C, 25 mbar) to remove the FC-40 and possibly other 
residual solvents introduced during fabrication. On completion of the fabrication and 
cleaning, the electrode was stored in ultra pure water for electrochemical analysis as 
described in Chapter 5 or characterised in the methods described below.  
4.2.3 Analytical Equipment 
The permeability of the PCTE was assessed by measuring the flow of nitrogen through it at 
variable pressure gradients. While the samples were placed in a filter holder (Satorius 
Stedim Biotech, 16514), the pressure drop across the PCTE was determined with a digital 
pressure indicator (Druck, DPI 705 IS) and the flow rates were measured using a Gilibrator-2 
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(Sensidyne). The electrodes were weighed before and after the gold sputter coating and 
catalyst layer depositions with a balance (OHAUS Discovery, 1 × 10-5 g accuracy) to 
determine the quantities deposited. The resistances of the gold sputter coatings were 
quantified using a four point probe (Hewlett Packard, 34401A, 1 × 10-3 Ω accuracy) and an in 
house setup to hold the samples, Figure 64, measuring over a 1 cm2 area. 
 
Figure 64. A picture of the 4 point probe taking a resistance measurement of a 1 cm × 1 cm area of a gold 
coated PCTE membrane. 
A particle size analyser (Coulter, LS230) applying dynamic light scattering was utilised to 
measure the particle size of the ink solution and filtrate. To analyse the catalyst layers a 
number of techniques were applied. A Zygo white light inferometer (NewView™ 7100, 2 
nm depth resolution, 3 – 20 μm lateral resolution) with the Metro® New View MicroErr.app 
software was used to quantify the thickness of the catalyst layer. This was done by 
measuring the height of the PCTE membrane and the height of the catalyst layer, and taking 
the difference as the thickness of the catalyst layer. An optical microscope (Nikon Eclipse 
E600) with Nikon ACT software version 2.62 was used to study the catalyst layer. To study 
the catalyst surface and morphology an atomic force microscope (AFM) (Agilent 
Technologies, 5500) with a Nanosensor PPP-FM cantilever with Agilent Technologies 
PicoView software v1.8.2 and WSxM software v5.0 [162] was utilised. A Gemini 1525 field 
emission gun scanning electron microscope (FEMSEM) was also utilised to image the 
catalyst surface at high resolution. Image analysis was performed with ImageJ V1.45s. For 
hydrophobicity measurements a static sessile drop method was used with a CCD (from a 
Phillips SPC900NC webcam) through a video zoom microscope (Edmund Optics Infinity 
K2/S Long Distance Video Lens) at 20× magnification. The contact angles were analysed 
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with Fta32 V 2.0 contact angle software. To experimentally test the capillary pressure, the 
hydrophobised PCTE was placed in the vacuum filtration setup in Figure 63 a) and with a 
water reservoir above, a vacuum was applied to create a 1 atmosphere (101 kPa) pressure 
gradient. For the electrochemical characterisation see Section 5. 
4.3 Results and discussion 
Figure 65 shows a diagrammatic impression of the intended gas diffusion electrode design. 
This approach had an ultra-thin catalyst layer, in the range of 1 µm, supported on a porous 
polycarbonate membrane as the gas transport layer that was sputtered with gold for the 
current collector. 
 
Figure 65. A diagrammatic representation of the working electrode, showing the porous PCTE gas transport 
layer, gold layer current collector and catalyst layer. The pores are coated with a hydrophobic layer, Teflon 
AF. 
The pores of the PCTE membrane were coated with the hydrophobic polymer, Teflon AF, to 
prevent the pores from flooding. A detailed analysis of the four components is explored in 
the following text, in terms of the gas transport layer, the current collector, the hydrophobic 
agent and the catalyst layer. 
4.3.1 Gas Transport Layer 
The criteria for a gas transport layer in this study are stability under the fuel cell working 
conditions (< 120 °C), a flat surface on which to deposit the ultra-thin catalyst layer, high gas 
permeability to avoid mass transport limitations, electronic conductivity to collect the 
current from the catalyst layer and hydrophobicity to prevent flooding. PCTE, Figure 66, 
was chosen because it can cover all of these criteria with some modifications. 
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Figure 66. Polycarbonate membrane from Sterlitech; a) an optical microscope image of the porous 
polycarbonate membrane, b) a diagrammatic representation of the porous polycarbonate membrane, with 0.4 
μm pores and a thickness of 10 μm, giving it an aspect ratio of 25. 
PCTE membranes have many properties advantageous for a gas transport layer in a PEFC. 
The pores are created by track etching of the polycarbonate. This involves irradiating the 
substrate with either heavy nuclei or high energy ions, then chemically etching the damaged 
zones away, more information can be found at [163]. This technique can control the pores 
size and pore density. For this reason, PCTE membranes are commercially available in a 
number of different pore sizes down to 10 nm [130]. Table 14 shows an array of pore sizes 
which could be useful for a GDL. As the pore size decreases these commercially available 
PCTE membranes have an increased pore density, but a decreased pore fraction. These 
pores are parallel and cylindrical having a tortuosity of 1 [163], where tortuosity (τ) is a ratio 
of effective path length (le) to the shortest distance (l) in a porous medium, Equation 49 [164].  
   
  
 
 
 
 (49) 
With gas flowing through the pores in a direct path, this creates a simple GTL. The PCTE 
membrane with 0.4 µm diameter pores was utilised due to its high porosity, yet still retains a 
high pore density. Their appropriateness is discussed below. PCTE membranes have been 
used previously in a glucose fuel cell system [165], although there are some considerable 
differences between the environment of a glucose fuel cell and a PEFC. Whereas a glucose 
fuel cell thrives on organic molecules, studying the kinetic region of the oxygen reduction 
reaction is hindered by them. Also for the study kinetic study of the ORR on platinum across 
fuel cell relevant potentials, high mass transport was needed. For this reason, an additional 
validation was needed for their use in a diagnostic PEFC environment. 
Table 14. Physical properties of polycarbonate from the manufacturer [130]. Pore fraction was calculated from 
the pore size and pore density. 
0.4 μm 
diameter 
pores 
10 μm 
a)            b) 
0.05 cm 
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Pore Size 
/ μm 
Pore Density 
/ cm-2 
Nominal Thickness 
/ μm 
Pore Fraction 
/ % 
1 2 × 107 11 15.7 
0.8 3 × 107 9 15.1 
0.6 3 × 107 9 8.48 
0.4 1 × 108 10 12.6 
0.2 3 × 108 10 9.42 
0.1 4 × 108 6 3.14 
4.3.1.1 Stability 
Polycarbonate is an inert substrate with good resistance to acids such as hydrochloric, 
hydrofluoric, perchloric and sulphuric acid and remains durable down to 6 μm thick. It is 
thermally stable up to 140 °C [130], and was able to survive the standard hot press 
conditions used in MEA preparation (See Figure 72) without losing porosity. These 
characteristics make polycarbonate a good substrate for enduring in fuel cell conditions. 
4.3.1.2 Surface Roughness 
Figure 67 shows the surface of the polycarbonate imaged with an AFM to analyse the 
surface roughness.  During analysis, the polycarbonate membrane was found to have a 
rough side (Figure 67 a) and d)) and a smooth side (Figure 67 e) and f)). The rough side had 
a peak to valley variation in height by just less than 150 nm, while the smooth side varied by 
just less than 40 nm. This low roughness of both sides was beneficial for depositing ultra low 
loading catalyst layers as the catalyst can be deposited uniformly, instead of the majority of 
catalyst accumulating in the valleys to form a catalyst layer of non- uniform thickness. The 
catalyst was deposited onto the rougher side. I assumed that the rough side would give the 
catalyst a better ability to anchor to the surface and remain there. This is still extremely 
smooth compared to a GTL such as Toray paper with a quoted surface height variation of 8 
µm [12]. This height variation can be reduced to provide a smoother surface by the addition 
of a microporous layer, but it is improbable that the MPL achieves a roughness close to the 
polycarbonate. 
The 0.4 μm pores were clearly visible on the smooth side showing good agreement with the 
manufacturer’s data, Table 14. It was harder to determine the pore size on the rough side 
due to the jagged surface, but the pores appeared roughly 0.4 μm in diameter. A more 
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detailed analysis of the pore sizes is reported after the deposition of the current collector in 
Section 4.3.2. The phase images show a difference in the hardness of the material around the 
edges of the pores. This is most probably showing damaged polycarbonate from the track 
etched process [163]. 
Topography Amplitude Phase 
   
Figure 67. AFM images of the polycarbonate showing the topography, amplitude and phase. Row 1 shows the 
smooth side at 100 μm2, this was magnified further to a 2.5 μm2 area in row 2. Row 3 shows the smooth side at 
100 μm2, this was magnified further to a 2.5 μm2 area in row 4. The black box shows a representative size of 
the magnified image. 
Row 1 
 
 
 
Row 2 
 
 
 
Row 3 
 
 
 
Row 4 
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4.3.1.3 Gas Transport (Permeability and Flux) 
The permeability of a substrate defines its ability for gases to flow through it.  For a GTL it is 
advantageous to have high permeability to supply the catalyst layer with sufficient 
reactants. With a 0.4 μm pore size diameter and a pore density of 1 × 108 cm-2, the porosity of 
polycarbonate is 12.6 %, Table 14. This porosity is considerably less than a typical gas 
transport layer (about 75 %) [12]. However, the thickness of polycarbonate is only 10 µm 
compared to a typical gas transport layer at 100 – 300 μm thick; the diffusion length is much 
reduced. 
As the focus of this thesis was on the oxygen reduction reaction, the flux of oxygen through 
the pores is also an important property. Therefore, the flux of oxygen is used to compare the 
polycarbonate membrane to a traditional GTL of a PEFC. To calculate the diffusion 
coefficient through the pores, the diffusion coefficient of oxygen through nitrogen 
(Dj = 0.219 cm2 s-1 at 20 °C [166]) was assumed and the path of the gas was taken into 
consideration, Equation 50 [164]. 
     
  
 
   (50) 
Where Deff is the diffusion coefficient through the polycarbonate membrane, φ is the pore 
fraction, δ is the constrictivity and τ is the tortuosity. Constrictivity is a measure of increased 
drag from the pore walls when the pore diameter becomes close to the mean free path of the 
diffusing species [164]. As the pores are 0.4 μm, the pores do not constrict the flow (δ = 1); 
therefore, the flow within the pores is equivalent to the molecular diffusivity, in this case Dj 
[164]. This gives a diffusion coefficient for oxygen through the polycarbonate membrane of 
0.028 cm2 s-1. The diffusion coefficient for oxygen through nitrogen has been assumed for 
both air and pure oxygen through the pores. Applying this to Fick’s law of diffusion, 
Equation 51, the flux of oxygen (J) can be calculated as 1.11 × 10-3 mol cm-2 s-1 and 
2.33 × 10-4 mol cm-2 s-1 for pure oxygen and air, respectively. 
       
  
  
 (51) 
Where Δc is the change in concentration of gas and Δx is the substrate thickness. At mass 
transport limiting conditions (where the concentration is always zero next to the electrode), 
the change in gas is equal to the concentration of gas (c∞), assuming a linear gradient across 
Δx). For pure oxygen, c∞ = 4.04 × 10-5 mol cm-3 and for oxygen in air, c∞ = 8.48 × 10-6 mol cm-3 
at 25 °C. Using these fluxes, a maximum current can be calculated using Faraday’s Law, 
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Equation 52, with the assumption that all the oxygen that diffuses through the pores is 
reduced via the four electron reaction. 
      (52) 
Where q is the charge, z is the number of electrons transferred in the reaction, n is the moles 
of reactant species and F is the Faraday constant (96485 C mol-1). Substituting the flux (J) for 
the molar quantity of reactant gives the equation in terms of current density (j), Equation 53, 
and therefore the limiting current density can be calculated as 429 × 103 and 
90 × 103 mA cm-2Geo for oxygen and air, respectively. 
      (53) 
4.3.1.4 Flooded Catalyst Layer Model 
The above model assumes the catalyst layer is not flooded. However, if the catalyst layer is 
flooded, the diffusion limiting current would be much reduced as the reactant gas would 
have to dissolve into the aqueous solution at the end of the pores to travel to the catalyst 
surface. Models have been made for scenarios where the GDL remains un-flooded, and the 
catalyst layer is flooded. Examples such as the single pore model are described in [167], 
Figure 68; however, these models separate the pores into two sections; first an area of no 
catalyst (the GTL), then an area of catalyst on the walls (corresponding to the catalyst) and 
model the pore as semi flooded. 
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Figure 68. A schematic of a single pore model modified from [167, 168] 
This model does not correspond with the electrode in this thesis; an ultra thin catalyst layer 
residing on a flat, porous surface. Therefore, a more suitable model was developed for this 
structure3, where the catalyst rests on the surface of the electrode and the pores are free from 
catalyst. Figure 69 shows the dimensions of the pore and the surrounding surface. The 
problem has been simplified into cylindrical coordinates, and assumes the rotational 
invariance around the z-axis. The flux at the outer radius (ra) is assumed to be zero, due to 
adjacent pores and the system is assumed to be semi-infinite, i.e. the concentration 
approaches zero at z = ∞. κ is the pore radius at 0.2 μm, ra is half the distance between pores 
at 0.5 μm. The distance between the pores was calculated as a rout mean square of the pore 
density (1 × 108 pores cm-2 [130]), assuming a uniform array of pores. 
                                                     
3 Model developed by Denis Kramer 
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Figure 69. a) A diagram with the dimensions of the pore model used to calculate the diffusion through a 
flooded catalyst layer. B) The diffusion and flux profile of the reactant gas travelling through the flooded 
catalyst layer, from the pore. 
From these assumptions, the mass transport limiting current can be calculated using 
Equation 54. 
             (54) 
Where Co is the concentration at the start of the pore, ra is the pore radius and F(κ) is the form 
factor, shown in Equations 55 and is related to the ratio of pore radius (κ) vs. the radius to 
the outer edge (ra). 
         
  
        
 
         
 
    (55) 
Where J1 and J2 are Bessel functions of the second and third kind and γn is the nth root of the 
Bessel function, making the equation an infinite sequence. With a pore radius of 0.4 μm and 
a radius of the outer edge of 1 μm, the form factor was calculated to be 12, as shown by 
Figure 70. 
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Figure 70. The form factor, F(ap), showing a broad peak for differing ratio’s of pore radius (rp) vs. the radius to 
the outer edge (ra). 
A limiting current density can be predicted by substituting the flux (jL) calculated in 
Equation 54 into Equation 53 as 21.4 × 103 and 4.5 × 103 mA cm-2Geo for oxygen and air, 
respectively. 
From Chapter 2, the limiting current densities from the SS-WJE were calculated at 
278 × 103 and 58.3 × 103 mA cm-2Geo for oxygen and air, respectively. The limiting current 
density through the pores of the PCTE is predicted higher, but predicted lower from the 
pores to the catalyst when assuming the catalyst layer is flooded. The overall mass transport 
limiting current density will have a contribution from the wall jet, the porous PCTE and the 
flooded catalyst layer. Therefore, including these three contributions, the total mass 
transport limiting current density of the system (IL(Total)) is 19.0 and 4.0 × 103 mA cm-2 for 
oxygen and air, respectively, Equation 56. Where IL(WJ), IL(PCTE) and IL(cat) are the calculated 
limiting current densities from the wall jet, porous PCTE and catalyst layer, respectively. 
 
         
 
 
      
 
 
        
 
 
       
 (56) 
The current densities are still high and are well in excess of the current densities expected to 
be reached with the low loading catalyst layers described in this chapter. In comparison, the 
limiting current density for oxygen using the RDE is 14 mA cm-2Geo at 10 000 rpm [22]. 
Therefore, the porous polycarbonate membrane has the potential to be a suitable gas 
transport layer with the SS-WJE. 
To compare the gas transport properties of the PCTE membrane with a traditional GTL in a 
PEFC (typically carbon cloth or carbon paper) [12-14], an effective permeability (Peff) can be 
calculated from the diffusion coefficient and concentration of reagent (Equation 57). 
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  (57) 
At atmospheric pressure (c∞ for oxygen is 4.03 × 10-5 mol cm-3), the effective permeability of 
the PCTE membrane is 1.11 × 10-6 mol cm-1 s-1. This is between the reported effective 
permeabilities of the GTL with a MPL at 1.05 × 10-5 mol cm-1 s-1 (Table 1 on page 38) from the 
literature [58] and ca. 7 × 10-6 mol cm-1 s-1 for GTLs from Toray® [169], yet it is at least one 
tenth of the thickness. To factor in the thickness, a flux and limiting current was calculated, 
Table 16. This was calculated using Equations 50, 51 and 53. As tortuosity data was not 
available from the manufacturers, this figure was assumed to be one, due to the high 
porosity (therefore, the calculation outputs the upper limit). For the thinnest GTL, the 
diffusion limiting current is 248 × 103 mA cm-2Geo. The polycarbonate membrane has a 
diffusion limiting current of nearly double this at 429 × 103 mA cm-2Geo. 
Table 15. PCTE gas handling properties for open and flooded pores. In all cases the permeability of the PCTE 
with a gold conducting layer and Teflon AF is 0.0035 μm2. 
Gas Transport Layer Properties Units 
Open Pores 
Flooded 
Pores 
Oxygen Air Oxygen 
Diffusion coefficient through the 
pores cm2 s-1 0.028 0.028 3.04 × 10-6 
Effective permeability mol cm-1 s-1 1.11 × 10-6 - 3.87 × 10-12 
Flux of oxygen through the pores mol cm-2 s-1 1.11 × 10-3 2.33 × 10-4 3.87 × 10-9 
Limiting Current densities mA cm-2Geo 429 × 103 90 × 103 1.49 
 
If the pores are flooded (Figure 71), the diffusion limiting currents for the PCTE change 
drastically. Using the saturation concentration and diffusion coefficient of oxygen through 
water at 25 °C of 1.27 × 10-6 mol cm-3 and 2.42 × 10-5 cm2 s-1, respectively [75], the flux of 
oxygen through the pores and the limiting current density are 3.87 × 10-9 mol cm-2 s-1 and 
1.49 mA cm-2, respectively. 
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Figure 71. A diagrammatic representation of the pores in the polycarbonate membrane; a) open to the air and 
b) flooded with water, showing oxygen diffusion. 
A summary of the calculations are given in Table 15. The large drop in flux and limiting 
current by more than four orders of magnitude compared to open pores for pure oxygen 
occurs because of two effects: a decrease in the concentration of oxygen (C) in water and a 
reduction in the diffusion coefficient of oxygen (D) through water. Therefore, it is important 
to keep the pores free from flooding. Section 4.3.3 discusses the addition of a hydrophobic 
layer (Teflon AF) to prevent flooding. 
Table 16. Properties of commercial GTLs from Toray® in comparison to the PCTE membrane. The number at 
the end of the trade name corresponds to a change in thickness of the GTLs. 
Type Δx / cm Porosity 
Deff  / 
cm2 s-1 
J / 
mol cm-2 s-1 
jL / 
mA cm-2 
P / 
mol cm- 1 s-1 
TGP-H-030 0.011 0.80 0.175 6.43 × 10-4 248 × 103 7.07 × 10-6 
TGP-H-060 0.019 0.78 0.171 3.63 × 10-4 140 × 103 6.89 × 10-6 
TGP-H-090 0.028 0.78 0.171 2.46 × 10-4 95 × 103 6.89 × 10-6 
TGP-H-120 0.037 0.78 0.171 1.86 × 10-4 72 × 103 6.89 × 10-6 
PCTE 0.001 0.13 0.028 0.11 × 10-4 429 × 103 1.11 × 10-6 
 
During modification, the pores of the PTCE could be reduced or even blocked. To monitor 
the pores during the fabrication method, flow measurements across a pressure gradient 
were taken with respect to nitrogen flowing through the pores, Figure 72. 
O2 O2 O2 b) O2 O2 a) O2 
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Figure 72. A graph showing the superficial flow of nitrogen through the pores of the polycarbonate 
membrane before and after hotpressing and the addition of Gold and Teflon AF at varying pressures. 
The superficial flow through the polycarbonate membrane in Figure 72 fits well with the 
manufacturer’s result of 125 cm s-1 at 70 kPa [130]. The flow rate through the porous 
polycarbonate is shown for the commercial membrane ‘as received’ and after modifications 
by addition of gold and Teflon AF. After the hotpressing procedure, no reduction in flow is 
observed, showing the PCTE is stable under the manufacturing conditions as expected. 
These modifications are discussed in detail in sections 4.3.2 and 4.3.3. From the flow rates at 
different pressures, the permeability (κ) was calculated with Darcy’s Law in Equation 58. 
These values are shown in Table 17. 
  
    
   
 (58) 
Where Q is the total flow, A is the cross sectional area, Δp is the pressure difference, μ is the 
viscosity of solution used (in this case it was nitrogen at 18 × 10-6 Pa s [75]) and Δx is the path 
length. The pores are created by the manufacturers via the track etching technique [130, 163]. 
This technique is known to create very straight pores. Therefore, it is assumed that the pores 
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have a tortuosity of 1. This gives the path length equal to the thickness of the membrane, 10 
µm. Equation 58 can be rearranged to calculate the permeability in Equation 59, 
  
 
  
    (59) 
using ν as the superficial flow, Equation 60. 
  
 
 
 (60) 
Using the gradient of the line (ν/Δp) the permeability was calculated at 0.0035 μm2 for the 
modified polycarbonate membrane, see Table 17. 
Table 17.  The permeability of PCTE before and after modifications. 
Membrane 
Permeability 
/ μm2 
PCTE 0.0037 
PCTE after 
hotpressing 0.0038 
PCTE + gold 0.0036 
PCTE + gold + Teflon 
AF 0.0035 
4.3.2 Current Collector 
The first modification of the polycarbonate membrane was to add a current collector. A 100 
nm layer of gold was sputtered onto the polycarbonate membrane, Figure 73. 
 
Figure 73. Gold coated polycarbonate; Photo of the polycarbonate with a 100 nm sputtered layer of gold. 
The use of gold is motivated by its excellent electrical conductivity and chemical inertness; it 
the third most conductive metal with an electrical resistivity (ρ) of 2.21 × 10-6 Ω cm at 298 k 
[75]. Therefore, a low ohmic resistance can be achieved with only a thin layer. Using 
Equation 36 on page 91, the sheet resistance of the gold layer can be calculated. A 100 nm 
48 mm 
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gold layer of sputtered gold on the polycarbonate membrane with a porosity of 12.6 % gives 
a theoretical sheet resistance of ca. 0.25 Ω □-1. With a four point probe, the experimental sheet 
resistance was measured at 0.56 ± 0.06 Ω □-1. This increase is most likely caused by 
sputtering the gold onto the rough side of the polycarbonate creating an uneven coating of 
gold. The coarse deposition of gold can be seen in the AFM images in Figure 74, also 
showing that the pores are kept open. For a working electrode as shown in Figure 101 c) 
with the dimensions of 2 cm length and 0.5 cm width, the resistance along the electrode 
would be 2.24 Ω which corresponds to a 70 mV loss at 1 × 103 mA cm-2 with the 0.2 cm 
diameter catalyst spot. However, due to the design of an ultra low loading catalyst layer, 
this current density is not expected to be achieved. The acceptability is discussed in Chapter 
5, with respect the currents measured for the given electrodes. Future possibilities to reduce 
this resistance include making electrical contact with the gold coated PCTE closer to the 
catalyst layer (maximum of 1 cm away) and depositing a thicker layer of gold (200 – 400 
nm).      
Topography Amplitude Phase 
   
Figure 74. AFM images of the gold coated polycarbonate showing a 100 μm2 area. The image shows a rough 
surface of gold is formed while the pores are still recognisable. 
Figure 75 shows SEM images of the polycarbonate with a coating of gold at varying 
thicknesses. As polycarbonate is an insulator, it could not be imaged alone; therefore to 
visualise the surface, a 5 nm layer of gold was sputtered onto the polycarbonate. From the 
images the pore size can be seen, with the 5 nm coating of gold showing about 0.4 µm pores, 
in good agreement with the manufacturer’s pore size value [130]. Upon sputtering 100 nm 
and 200 nm of gold onto the surface, the pores close from 400 nm to about 340 nm and 
300 nm, respectively. This is a minor reduction of 60 and 100 nm which is close to half the 
thickness of the sputter coating. This agrees with the permeability measurements shown in 
Figure 72. The permeability was not reduced noticeably; remaining at 0.0036 μm2 after the 
100 nm gold layer was sputtered onto the sample. 
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Figure 75. SEM images of the gold coated polycarbonate; shows the image of a) 5nm, b) 100 nm and c) 200 nm 
sputtered gold. 
4.3.3 Hydrophobic Layer 
Track etched polycarbonate has been confirmed as a gas transport layer with sufficient 
permeability. However, it is not hydrophobic, with a contact angle of 71 ± 9 °, Figure 76 a). 
Using the Young-Laplace equation, (Equation 61), the capillary pressure (Δp) needed to push 
water down the pores can be calculated. 
   
  
 
 (61) 
where γ is the surface tension and R is the radius of the curvature made by the meniscus in 
the pore. The radius of the curvature caused by the meniscus is related to the radius of the 
pore (rp), 0.4 µm, and the contact angle of the meniscus to the pore wall (θ), Equation 62. 
  
  
    
 (62) 
Combining Equations 61 and 62, the capillary pressure can be calculated using the radius of 
the pores, Equation 63. 
   
      
  
 (63) 
This gives a positive capillary pressure of 232 kPa given that the surface tension of water at 
72.75 mN m-1 at 20 °C [75]. Thus, if liquid water was present, the pores would soak it up and 
become flooded, Figure 78 a). Bearing in mind the flux of oxygen and limiting current were 
calculated for the open pores at 1.11 × 10-3 mol cm-2 s-1 and 429 × 103 mA cm-2, respectively, 
this drops to 3.87 × 10-9 mol cm2 s-1 and 1.49 mA cm-2, respectively for the case of all the 
pores are flooded with water.  This is insufficient; therefore, it is vitally important for the 
pores in the gas transport layer to remain open. Consequently a hydrophobic layer needs to 
be added to prevent flooding. 
0.436 µm 
0.406 µm 
0.394 µm 0.330 µm 
0.360 µm 
0.328 µm 
0.299 µm 
0.349 µm 
0.266 µm 
b) a) c) 
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Figure 76. A photo of water resting on a) bare polycarbonate and b) Teflon AF coated polycarbonate 
membrane, with a contact angle of 71 and 103 °, respectively. 
This hydrophobic substance needs to coat the pores to prevent the flooding but without 
blocking them. PTFE has been the favourite in previous research; however, Bidault et al. 
[170] have shown Teflon AF (Figure 77) is a good substitute as a hydrophobic coating agent. 
 
Figure 77. A skeletal structure of the hydrophobic polymer, Teflon AF. 
With a contact angle of 105 ° [171], it has a similar hydrophobicity to PTFE, yet it has the 
advantages of being able to dissolve in a perfluoronated solvent such as FC-40. Upon 
deposition, it can form an ultra-thin film over the substrate and does not need to be sintered 
like PTFE, a process which the polycarbonate would not survive. For these reasons Teflon 
AF was chosen to produce a hydrophobic layer. Figure 76 b) shows the contact angle of 
water on Teflon AF coated polycarbonate to be 103 ° agreeing with values reported in the 
literature. This measured contact angle is for the 0.4 µm porous polycarbonate membrane 
and therefore includes the pore area of 12.6 % of the surface, which containing, air causes an 
extra hydrophobic domain. Figure 78 b) shows a diagrammatic representation of a thin 
coating of Teflon AF, which should prevent liquid water from forming at the surface, yet 
only create a thin layer as not to block the pores. 
a)          b) 
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Figure 78. A diagrammatic representation of the pores in the polycarbonate membrane; a) initially not coated 
with Teflon AF and therefore have the possibility to flood, and b) with a coating of Teflon AF. 
To prove the validity of the scenario in Figure 78 b), the layer thickness, water contact angle 
and flow rate for membranes coated with variable amounts of Teflon AF were investigated, 
Table 18. The ideal coating of Teflon AF along the pores would be a thin continuous layer 
which increases the water contact angle as close to 105 °, while not to block up the pores and 
decrease the flux of reactant gas to the catalyst. 
Table 18. A table to show the trend in contact angle, capillary pressure and of the Teflon coated polycarbonate 
at different coating amounts. 
Teflon AF 
Loading 
/ μg cm-2Geo 
Thickness 
/ nm 
Contact angle 
(Water) / ° 
Capillary Pressure 
(water), p / kPa 
Permeability 
/ μm2 
0 0.00 71 231 0.0014 
0.26 0.12 77 169 0.0013 
0.52 0.23 86 51 0.0013 
1.04 0.46 89 12 0.0012 
2.08 0.92 100 -121 0.0012 
4.15 1.85 101 -143 0.0006 
8.32 3.71 107 -216 0.0004 
Teflon AF 
surface - 105 * -188 - 
* Using the value from the manufacturer [171] 
 As the Teflon AF is dissolved in FC-40 when added to the polycarbonate membrane, the 
solution is likely to wet the entire polycarbonate surface. Therefore, upon drying, a uniform 
dispersion of Teflon AF should occur. With the pores included, the surface roughness factor 
of the PCTE membrane was calculated at 13.44 cm2 per 1 cm2 area. For the Teflon AF with a 
density of 1.67 g cm-3 [171], the loadings between 0.26 and 8.32 μg cm-2Geo will create a 
thickness of ca. 0.12 to 3.71 nm,  respectively. This assumes a continuous uniform layer of 
O2 O2 O2 O2 O2 a) b) 
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Teflon AF coats the surface of the PCTE membrane and completely covers the pores. The 
maximum thickness reduced the pore size by less than 2 %. At these thicknesses, the Teflon 
AF was unlikely to affect the permeability. The thinner layers, especially 0.12 nm thick, were 
unlikely to form a complete layer, but form islands instead. This would be seen by a reduced 
contact angle. 
Table 18 and Figure 79 show the contact angles and capillary pressures for different loadings 
of Teflon AF and compares them to the permeabilities. The contact angle increases as the 
Teflon AF loading increases. This is probably due to a more comprehensive layer of Teflon 
AF forming over the polycarbonate. At Teflon AF loadings of 2.1 μg cm-2Geo and above, the 
contact angle becomes greater than 90 °; thus, the surface becomes hydrophobic. The contact 
angle of the 2.1 μg cm-2Geo loading at 100 ± 7 ° is in good agreement with the manufacturer’s 
results of 105 ° [171]. The capillary pressures were calculated with the Young-Laplace 
equation (Eq. 63) from the measured contact angles of the Teflon coated polycarbonate 
samples to give an idea of the force needed to push water down the pores and therefore 
cause the pores to flood. For loadings greater than or equal to 2.1 μg cm-2Geo the capillary 
pressure is negative. Therefore, an over pressure is needed to flood the pores. Note that the 
required pressure is already substantial (ca. 121 kPa) for a loading of 2.1 μg cm-2Geo. To 
experimentally verify this calculation, the membrane was placed between a reservoir of 
water and a vacuum, creating a pressure drop of 1 atm (101 kPa) across the membrane. No 
water crossed during this experiment, indicating that the capillary pressure is indeed larger 
than 1 atmosphere (> 101 kPa) as expected from calculation in Table 18. 
The permeability was also measured to check for pore size reduction from depositing an 
excess of Teflon AF. This was calculated as before using Equation 59, and showed a gradual 
decrease in permeability as the amount of Teflon AF was increased, as expected. Therefore, 
it was decided that the optimum coating was 2.1 μg cm-2 of Teflon AF, with a hydrophobic 
contact angle of 100 ± 7 ° and as a result a high capillary pressure of -121 kPa, yet a retained 
porosity with a permeability of 0.0035 μm2. Figure 79 illustrates this peak performance in 
capillary pressure while retaining good permeability. 
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Figure 79. Effect of Teflon AF coating on the capillary pressure (water) and permeability (nitrogen) of the 
PCTE membrane. 
4.3.4 Catalyst Layer 
Important properties for the catalyst layers include thickness and a combination of the three 
phases: an ionic phase, electrically conductive phase, and pore space. A catalyst layer 
allowing for high mass transport rates to and from the catalyst particles is of paramount 
importance. The aims were to create a thin yet porous catalyst layer with high mass 
transport and a good proportion of PFSI and catalyst to avoid ionic and electronic 
resistances throughout the layer. These objectives are considered through the complete 
preparation procedure. 
4.3.4.1 Catalyst ink 
As explained in the introduction (Section 4.1.1.7 PFSI loading), the quantity of PFSI in the 
catalyst layer is important to achieve good ionic and electronic transport properties. A 
volume of PFSI to Pt/C of 47 % was used. This is slightly larger than common literature 
values, Table 11, but very similar to the value quoted by Antolini et al. [140]. It should be 
noted that comparison with the literature is complicated by the vastly different weight 
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percentages of platinum on carbon of 60 % used in this study, compared to 20 % reported in 
most of the literature. The higher loading of 60 % platinum on a carbon support was chosen 
in this study to enable thinner catalyst layers. Since the higher loading reduces the amount 
of carbon in the catalyst layer, an overall thinner layer can be made. 
To achieve uniform catalyst layers of 1 μm and below, it is important to produce catalyst 
inks with agglomerate sizes smaller than 1 μm. Figure 80 shows the particle size analysis of 
a typical catalyst inks before and after sonication at room temperature. Upon mixing the 
Pt/C catalyst with PFSI, butyl acetate and IPA, large agglomerates are observed with two 
peaks at 6 and 126 μm. After sonication for 2 hours, the agglomerates reduced to three sizes 
below 1 μm (0.05, 0.20 and 0.50 μm). The 50 nm agglomerate is in line with the quoted 
primary carbon particle size [10]. It is assumed that the 0.20 and 0.50 μm peaks are 
agglomerates of these primary particles. 
 
Figure 80. Particle size distribution by volume of the agglomerated particles in the catalyst ink, before and 
after sonication. 
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4.3.4.2 Catalyst Layer Structure 
For the deposition of the catalyst layer, the three main priorities are: 
 Produce a spot size of 0.2 cm diameter 
 Reduce the loading to sub 10 μgPt cm-2. 
 Obtain a homogeneous and ultra-thin layer of catalyst 
The spot size of 0.2 cm diameter is a consequence of the wall jet configuration, with the inner 
diameter of the wall at 0.2 cm diameter (see Chapter 2). It is important not to have catalyst 
outside this diameter, as these areas would not benefit fully from the high mass transport 
supplied by the wall jet configuration. To achieve these priorities, the catalyst was deposited 
via vacuum filtration onto the substrate which I call the VFS method. Vacuum deposition 
has the advantage of being a self-levelling technique which adds to the homogeneity of the 
catalyst layer. A mask can be used to control the deposition area to produce repeatable spots 
at the chosen size of 0.2 cm diameter. A dilute catalyst ink is needed to ensure an accurate 
quantity of catalyst can be deposited. The disadvantage of this technique is the need for a 
porous substrate onto which to deposit. Some of the catalyst and PFSI could be pulled into 
or through the pores with the filtrate, which would cause the catalyst loading calculation to 
be an underestimate. The amount of catalyst deposited can be overcome by measuring the 
electrochemically active surface area of the hydrogen region in an electrochemical cell (see 
Chapter 5) to calculate the catalyst loading. The colloid ink was chosen to reduce the loss of 
catalyst and PFSI through the pores upon deposition, where the Pt/C agglomerates which 
are around 0.34 μm (pore size with 100 nm gold coating) or greater, would not be sucked 
through the membrane with the solvent. Figure 81 shows optical microscopy images of 
catalyst layers at 10, 5, 3 and 1 µgPt cm-2 catalyst loading. These images show a consistent 
size of the catalyst spot that can be achieved with the mask. Although some leakage occurs 
out the side, the majority of catalyst stayed within the 0.2 cm diameter circle. Also the 
uniformity across the catalyst layers looks impressive, even down to the ultra-low loading of 
1 µgPt cm-2. The uniformity demonstrates that upon repeated depositions, the catalyst layers 
will be significantly more similar to each other in morphology, thickness and size than is 
achieved with the catalyst coated membrane method. 
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Figure 81. Optical microscope images of catalyst layers deposited via the CCS method onto gold coated 
polycarbonate; Catalyst loadings changes at a) 10 µgPt cm-2 b) 5 µgPt cm-2 c) 3 µgPt cm-2 and d) 1 µgPt cm-2. 
Figure 82 shows the catalyst layer and polycarbonate membrane imaged by a Zygo white 
light inferometer. The smooth part of the image represents the polycarbonate surface, while 
the rough part corresponds to the Pt/C catalyst, with a) having a catalyst loading of 30 
µgPt cm-2 and b) 10 µgPt cm-2 as can been seen from the difference in thickness of these two 
layers. A Loading of 70 µgPt cm-2 was also measured. For these layers the catalyst spot was 
2.5 cm in diameter and the polycarbonate was without a gold layer. The thicknesses of the 
70, 30 and 10 µgPt cm-2 were 5.7 ± 1.2, 2.3 ± 0.6 and 1 ± 0.3 µm, respectively (cf. Table 19). 
From the catalyst layer weights of 1.76, 0.76 and 0.31 mg the densities of each catalyst layer 
were calculated at 1.2 ± 0.3, 1.3 ± 0.6 and 1.2 ± 0.8 g cm-3. 
 
Figure 82. Images from the Zygo white light inferometer  showing the step between the polycarbonate (the 
smooth part to the left of the image) and catalyst layer (the rough part to the right of the image) with a) the 30 
μgPt cm-2 and b) the 10 μgPt cm-2 catalyst layers shown over a 2.25 cm2 area. 
The lateral resistance of the catalyst layers could be measured by depositing the catalyst 
layer on the polycarbonate without a sputtered gold conductive layer. The lateral resistances 
of these thin layers are 32 ± 0.5, 498 ± 2 and 4180 ± 10 Ω □-1 for the 70, 30 and 10 µgPt cm-2, 
respectively. These resistances are very large, demonstrating the need for a gold current 
collector. Using Equation 36 on page 91, the effective resistivity for these layers are 
calculated at 0.02, 0.11 and 0.41 Ω cm, respectively. These values give a good indication of 
resistivity, but they are calculated for the direction parallel to the substrate and could differ 
a)          b) 
a)     b)      c)       d) 
2 mm 
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in the perpendicular direction due to the morphology and packing of the carbon 
agglomerates, especially at lower loadings, as discussed below. 
Table 19. Properties of the deposited catalyst layers via the VFS method. 
Properties Units Polycarbonate 
Catalyst layer in Pt loading 
/ μgPtcm-2 
70 30 10 
Resistance Ω □-1 0.56 ± 0.1* 32 ± 0.5 498 ± 2 4180 ± 10 
Thickness 
(Zygo) µm 12 ± 2 5.7 ± 1.2 2.3 ± 0.6 1.0 ± 0.3 
Density g cm-3 0.97 1.2 ± 0.3 1.3 ± 0.6 1.2 ± 0.8 
* Resistance for a 100 nm gold sputtered polycarbonate substrate 
AFM images of the catalyst layer at 10 µgPt cm-2 loading can be seen in Figure 83 at three 
different magnifications. The first shows a 100 μm2 area. From this image the height of the 
catalyst layer can be calculated at about 700 nm thick. Comparing this to the particle size 
analysis in Figure 80, the height is close to the largest agglomerate, suggesting this catalyst 
layer is almost one monolayer of carbon agglomerates. Also, it is within the error margin of 
thickness determined by the Zygo white light inferometer, Table 19.  
The individual carbon particles can be seen from the 2.5 μm2 and 600 nm2 images. There are 
areas where these primary particles have coalesced to form secondary agglomerates and at 
the same time as the agglomerates have coalesced, spaces in-between have opened up 
making mesoporous gas channels. These mesoporous gas channels would allow a large 
throughput of reactant gas through the catalyst layer and therefore should maximise mass 
transport of reactant gas. The phase image of the 600 nm2 area shows a significant contrast 
across the catalyst, most probably the different properties of carbon and the PFSI; showing 
the catalyst is well covered in PFSI. 
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Topography Amplitude Phase 
   
Figure 83. AFM images of the gold coated Polycarbonate showing a 100 μm2 area on row 1, a 2.5 μm2 area on 
row 2 and a 600 nm2 area on row 3. The black box shows a representative size of the magnified image. 
Figure 84 shows the topography image in row 1 from Figure 83, with areas highlighted. 
These highlighted areas show the porous polycarbonate through gaps in the catalyst layer. 
As the catalyst layer thickness reaches the catalyst agglomerate size in the ink (Figure 80), 
gaps appear instead of the layer getting thinner. This suggests that this catalyst layer is 
approaching the thinnest it can possibly be; any further and the catalyst layer would become 
islands of the agglomerates, instead of a continuous layer, making a less dense layer, i.e. 
more porous. A more porous catalyst layer is advantageous for high mass transport through 
the layer. 
Row 1 
 
 
 
Row 2 
 
 
 
Row 3 
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Figure 84. Topography image from Figure 83 with the polycarbonate membrane free of catalyst highlighted. 
The above images from the AFM were taken on a catalyst spot with a loading of 10 µgPt cm-2; 
this catalyst loading could be reduced further to 1 µgPt cm-2.  As stated before, going below 
10 µgPt cm-2 caused the agglomerates to separate, rather than formating of a thin continuous 
layer; this is revealed in Figure 85. From images a) to d) in Figure 85; the catalyst loading is 
reduced from 10 to 1 µgPt cm-2. The 10 µgPt cm-2 shows a full layer of catalyst, this catalyst 
layer looks reduced at 5 µgPt cm-2 but still a mostly complete layer. At 3 µgPt cm-2 this layer 
now has areas of catalyst clustered together, and areas of free space and the 1 µgPt cm-2 
shows smaller clusters of catalyst around the pores. The thickness of the catalyst layer was 
200 nm thick using a profile of the 1 µgPt cm-2 loading catalyst layer from AFM. 
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Figure 85. SEM images of the catalyst at different loadings on gold coated polycarbonate; a) 10 µgPt cm-2, b) 5 
µgPt cm-2, c) 3 µgPt cm-2, d) 1 µgPt cm-2. 
Further magnified images of a 1 µgPt cm-2 catalyst layer have been observed using SEM in 
Figure 86, and look similar to those reported in the literature [146]. Figure 86 a) shows the 
areas around the pores and the pores themselves are covered with catalyst agglomerates, yet 
the areas further from the pores remain open, with no catalyst agglomerates. For mass 
transport properties, this situation is advantageous as all the catalyst sits near a gas channel, 
reducing the distance the gas needs to travel to and from the catalyst particle once through 
the gas transport layer. For the same reason, if the catalyst layer was flooded in water or 
covered in PFSI, the detrimental effect would not be too large. At increased magnification, 
Figure 86 b) shows a catalyst agglomerate in a pore. The primary carbon particle size can be 
measured from this image as about 51 nm, in good agreement with the primary particle size 
seen in the catalyst ink, Figure 80. 
a)        b) 
c)        d) 
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Figure 86. SEM images of the catalyst agglomerates in the pores of the gold coated polycarbonate; a) at 100 × 
magnification, showing the catalyst agglomerates around the pores and b) a Pt/C agglomerate partially in a 
pore, the carbon primary particle size is shown to be between 46 and 54 nm in this structure. 
For the complete electrode assembly into which the catalyst layer is incorporating into and 
the electrochemistry of this MEA see Chapters 2 and 5, respectively. 
4.4 Conclusion 
In this section, a novel gas transport layer and current collector was developed and 
characterised. The gas transport layer was a modified PCTE membrane which had high gas 
diffusion, with a diffusion limited current estimated at 429 × 103 and 90 × 103 mA cm-2Geo for 
oxygen and air, respectively. The diffusion limited current with pure oxygen for the PCTE 
was calculated to be capable of nearly double that for a commercial GTL of carbon paper. 
When assuming the catalyst layer is flooded, this mass transport limitation decreases to 
21.4 × 103 and 4.5 × 103 mA cm-2Geo for oxygen and air, respectively. Even in this flooded 
regime, these calculated diffusion limiting current densities were well above achievable 
currents expected from the ultra-low loadings of catalyst utilised. Including this contribution 
to the calculated SS-WJE mass transport properties, the total mass transport limiting current 
density of the system (IL(Total)) was predicted at 19.0 × 103 and 4.0 × 103 mA cm-2Geo for oxygen 
and air, respectively. 
The addition of a sputtered gold layer to the PCTE membrane added a current collector, 
while still keeping the pores open. With the resistance of 0.56 Ω □-1, a 0.07 V loss would be 
expected if the catalyst spot was run at 1 × 103 mA cm-2Geo. This resistance and subsequently 
voltage loss has the possibility to be further reduced by depositing a thicker layer of gold 
(200 – 400 nm), providing the permeability is not reduced to a level where diffusion of 
reactant gas to the catalyst layer becomes a limiting factor. The addition of Teflon AF was 
a)        b) 
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made the pores hydrophobic with a thin layer, with an experimentally measured capillary 
pressure of > 100 kPa, whilst not noticeably affecting the gas flow through the pores. 
Ultra-thin catalyst layers were created down to a loading of 1 μgPt cm-2, with a thickness of 
200 nm. This surpassed the original aim of 1 μm thick needed to mitigate internal mass 
transport loses. Therefore, this layer should not incur any internal mass transport limitations 
upon the ORR in the fuel cell working conditions (0.6 – 0.8 V vs. RHE). The experimental 
performance of this catalyst layer is discussed in Chapter 5. These catalyst layers were 
uniform across the 0.2 cm diameter and reproducible to this size using the VFS technique. 
During vacuum filtration, it is likely that some catalyst and PFSI were sucked through with 
the filtrate; therefore the nominal catalyst loading will always be an overestimate. This 
overestimate is estimated electrochemically by measuring the ECA, see Chapter 5. At the 
low loading of 10 μgPt cm-2, one can see that an almost uniform catalyst layer of 1 μm was 
created, with some areas left free for gas channels. At ultra-low loadings of 1 μgPt cm-2, a 
complete layer was not formed, but agglomerates form mostly near the pores, uniformly 
across the deposition area and therefore close to the gas transport networks. This catalyst 
layer was successfully adapted to achieve particularly high mass transport rates for ORR 
analysis at fuel cell relevant potentials (0.6 – 0.8 V vs. RHE). 
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5 Oxygen Reduction Reaction 
The oxygen reduction reaction (ORR) is critical to fuel cell operation, yet at the low temperatures 
which PEFCs operate, this process is quite irreversible. Consequently, the study of this reaction is 
paramount to improve the efficiency of fuel cells. To analyse the true ability of a catalyst to be used in 
a fuel cell, the catalyst should be characterised in fuel cell like conditions, i.e. in solid-state condition 
across a catalyst/PFSI interface with no supporting electrolyte. This chapter describes the ORR 
process generally and then specifically relating to fuel cell conditions. The electrochemistry of the 
catalyst layer described in Chapter 4 is explored in aqueous electrolytes and across a PFSI membrane. 
5.1 Introduction 
The ORR is considered to be one of the most important electrocatalytic reactions, having 
applications in electrochemical energy conversion (including fuel cells), several industrial 
processes and corrosion [27, 172]. The reaction has been studied for several decades. Despite 
this, its kinetics are not well understood because of its irreversible nature and many possible 
reaction pathways and intermediates. Figure 87 summarises the two main pathways for the 
ORR in acid; the direct and indirect pathways [56], described in detail in Section 5.1.2. For 
other intermediates and reaction pathways see [24]. This figure also includes the diffusion 
and adsorption steps of species to and from the electrode which can also affect the reaction 
rate. The complete reduction of oxygen can occur in one step via the direct pathway (four 
electron transfer) (k1), or in two steps via the indirect pathway, producing hydrogen 
peroxide as an intermediate (k2). This hydrogen peroxide can desorb and diffuse away from 
the electrode (a2), leading to incomplete reduction (two electron transfer) or undergo further 
reduction to water (k3) [24, 27, 29, 32, 172]. The overall rate constants of reaction and 
adsorption are denoted as kx and ax, where the subscript x refers to the specific step. The 
superscripts refer to either when the species in the bulk solution (b), in the vicinity of the 
electrode (s) or specifically adsorbed onto the surface (*). 
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Figure 87. Electrochemical pathways of the ORR in acidic conditions. A scheme from Wroblowa et al. [173] 
modified to be more explicit [56]. 
Its irreversibility means that the reduction and oxidation processes are studied at widely 
separate potentials, where the reaction conditions are very different and are therefore not 
comparable [24]. At the potentials of interest, the surfaces of the materials are often covered 
by an anodic film. These anodic films can be potential dependent and in most cases time 
dependent, resulting in complex kinetic behaviours. This reaction is shown to stay 
irreversible even at temperatures above 100 °C [24]. Also impurities in the system 
complicate the study of kinetics; some can affect the overall kinetics when in concentrations 
of the order of 10-10 mol cm-3 [172]. 
In a PEFC, one of the greatest voltage losses arises from the slow kinetics of the ORR [24, 67]. 
This loss can be as high as 20 – 30% of the theoretical potential at low current densities, or 
even higher under conditions of a practical fuel cell operation [172]. This phenomenon 
applies to all studied oxygen catalyst materials and in both acid and alkaline solutions. The 
development of an electrocatalyst to improve the reversibility of the oxygen reduction 
reaction would lower the voltage losses at the cathode and thus produce a more efficient 
fuel cell system [172]. This is one of the reasons why a deeper knowledge into the kinetics of 
the oxygen reduction reaction in general and more specifically on the surfaces of different 
catalysts in fuel cell conditions, would be beneficial. 
5.1.1 Oxygen Molecule 
The dissociation energy of the O-O double bond in oxygen is 494 kJ mol-1, and its full 
reduction proceeds through high energy intermediates [24, 174]. Most material cannot 
facilitate the reacting species to overcome these high-energy steps. The materials that can, 
generally belong to the noble metals, with platinum being a good example. For gold and 
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silver, the complete reduction occurs in alkaline conditions, whereas in acid conditions the 
only partial reduction occurs to hydrogen peroxide. hydrogen peroxide has a lower energy 
pathway, with a dissociation energy of 146 kJ mol-1. With a lower dissociation energy, this 
reaction can happen on many more surfaces [27]. 
Figure 1 shows molecular orbital diagram of O2 in the ground state. The valance orbitals of 
the two oxygen atoms combine to 2s2 2p4, giving a bond order of two [174]. A π bond is 
formed through the 2p orbitals, from three pairs of bonding electrons and one pair of 
antibonding electrons [27, 175]. According to Hund’s rule, there are two unpaired electrons 
in the 2π* antibonding orbital [175]. In O2 reduction, an electron transfers to the antibonding 
orbital that lowers the bond order and forms a super oxide. Subsequently, the O-O bond 
length extends and the vibrational frequency decreases. The complete reduction of this bond 
requires four electrons in the antibonding, as schematised in Figure 88; hence the high 
stability for O2 [27]. 
 
Figure 88. A molecular orbital diagram of O2 in its ground state, adapted from ref [174]. 
Considering the ORR on a metal surface, the metal-oxygen bonds created during catalysis 
arise from an interaction of the d-block orbitals on the metal with the σ or π orbitals on the 
oxygen molecule [175], the orientation of which affects the reaction process. Although the 
exact mechanism still defies formulation, Figure 89 shows three plausible orientations for 
the oxygen on a metal surface in 1:1 and 1:2 di-oxygen to metal ratios [24, 36, 175]. 
The first two models are in the ratio of 1:1 with their overall geometry depending on which 
di-oxygen donor orbitals bind with the surface. Geometry 1 shows the Griffiths model: a 
side-on interaction with the surface through a synergistic bonding interaction. These 
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interactions are from a σ bond through a π-orbital of the O2 donating electron density to the 
empty dz2 orbital of the metal surface atom and a π back-bonding interaction between the 
metal dxy or dyz and the partially occupied π* anti-bonding orbital of the oxygen. Geometry 2 
shows the Pauling model: an end-on interaction forming an angle close to 120° from the 
metal across the O2 molecule. This interaction arises from a σ bond, where the electron rich σ 
orbital from the oxygen molecule donates electron density to the dz2 metal acceptor orbital 
and again a π back-bonding interaction between the metal dxy and dyz and the partially 
occupied π* anti-bonding orbital of the oxygen. Geometry 3 shows a 1:2 ratio interaction 
called the bridge and was proposed by Yeager for noble metals like Pt where the O2 is 
reduced completely to water in a four electron process with little to no hydrogen peroxide 
formation [175]. The interaction occurs between the d-block orbitals of the metal with the π 
and π* orbitals of the oxygen molecule, similar to the Griffith model. 
 
Figure 89. Shows 3 possible combinations an oxygen molecule can join a metal surface (s), 1) in a 1:1 ratio 
O2:S, 2) in a ratio of 1:1, in a different geometry and 3) in a ration of 1:2 (bridge). 
5.1.2 Mechanisms and Kinetics 
The complete reduction of oxygen is a four electron process with a standard potential of 
1.229 V vs. standard hydrogen electrode (SHE) [175]. While, the reaction to hydrogen 
peroxide through a two electron reduction has a standard potential of 0.695 V vs. SHE [175]. 
For acidic conditions, the overall reaction for the direct four electron pathway is: 
     
           E
Ѳ = 1.229 V (64) 
The indirect pathway is: 
     
            E
Ѳ = 0.695 V (65) 
The peroxide molecule then undergoes further reduction or decomposition, via the 
reactions: 
       
           E
Ѳ = 1.763 V (66) 
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         ΔG
Ѳ
298 = -103.08 kJ mol-1 (67) 
For alkaline conditions, the direct four electron pathway is: 
          
       EѲ = 0.401 V (68) 
The indirect pathway is: 
          
          
  EѲ = -0.133 V (69) 
         
     
      EѲ = -0.065 V (70) 
This also can undergo further reduction or decomposition: 
       
       EѲ = 0.935 V (71) 
   
        
       EѲ = 0.867 V (72) 
    
          (73) 
The optimum pathway for applications in energy conversion and storage would be through 
reactions 64 and 68 for acidic and alkaline environments, respectively and at a sufficient rate 
to minimal cathodic polarization. This is because they correspond to the complete 
electrochemical reduction and therefore the largest electrochemical energy release. 
However, this four electron reaction is rarely observed in practice [172]. Consequently, on 
most catalytic materials, the ORR will react via the two step reduction in Equations 65, 69 
and 70. The peroxide species will then either remain on the surface and be further 
electrochemically reduced by pathways shown in Equations 66, 71 and 72 or will chemically 
decompose in the bulk solution via Equations 67 and 73. On some surfaces, the two 
pathways can occur in parallel. The overall reaction of the multistep indirect pathway is 
equivalent to the four electron pathway (Equations 65 + 66 or 65 + 67 are equivalent to 64 
and Equations 69 + 71 or 70 + 72 or 70 + 73 are equivalent to 68). Besides the indirect 
pathway, other lesser pathways can occur; one example is the superoxide radical (O2-) 
pathway that occurs as a solution phase species [32]. 
As stated above, the thermodynamic reversible oxygen electrode potential for the complete 
oxygen reduction is 1.229 V vs. SHE. This value has rarely been established experimentally 
and even then, with strict laboratory conditions as any other side reaction, slow or 
indistinctive, will establish an altered rest potential [24, 172]. Several groups have 
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successfully recorded this potential, including Bockris and Huq [176], Watanabe and 
Devanathan [177] and Hoare [178, 179] as reported in [24]. The main experimental 
considerations needed to attain this potential were to allow easy access of the oxygen 
molecules to the platinum surface sites and to eliminate the impurities from the electrode 
and bulk solution. These conditions were achieved by saturating the solutions with O2 and 
pre-treating the Pt electrode with a combination of hot HNO3, H2SO4 and exposed to a pure 
oxygen environment at 500 °C for two hours [176]. This oxygen rest potential is the starting 
potential for the cathodic polarization of oxygen electrodes in fuel cells [24]. At standard 
conditions, platinum electrodes are known to reduce oxygen closest to this value, starting at 
the potential of 1.1 V vs. SHE [172]. 
The few materials capable of reducing oxygen via the direct pathway mostly belong to the 
noble metals [24]. Figure 90 a) [180] shows the density function theory calculated trend for 
oxygen activity [180], (the number of surface atoms adsorbing and desorbing per second) as 
a function of oxygen adsorption energy at the surface of a series of metals across the periodic 
table. The oxygen activity of the metal has a close correlation with the catalytic activity [180]. 
To the left of the maximum, the metals adsorb oxygen too strongly, while to the right the 
adsorption energy is too weak. If the adsorption is too strong, the oxygen species block the 
surface sites, while too weak, the oxygen binding energies are not reduced [180]. Platinum is 
known as the best elemental catalyst for oxygen reduction and is observed near the top of 
this volcano plot. A further improvement in activity can be seen by alloying platinum with 
other metals [35, 39, 181-183] as shown in Figure 90 b). Possible Pt alloy metals include Cr, V, 
Ti, W, Al, Ag, Co, Fe and Ni [28, 182]. The most active catalyst to date for the ORR was 
reported by Stamenkovic et al. [35] using Pt3Ni (111), where the (111) surface refers to the 
crystal phase of the surface. A description of how the oxygen activity correlates with the 
catalyst activity is explained later in this section and is key to finding the optimum catalyst 
at the top of the volcano plot. 
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Figure 90. shows two calculated volcano plots, (a) shows a general trend of catalytic activity of the transition 
metals taken from [180]. (b) shows the most reactive catalysts, Pt and other Pt alloys taken from [35]. The y-
axis refers to their activity (A=kbTln(r), where r is the rate of surface atom adsorption per second) at a cell 
potential of 0.9 V, as a function of adsorbed energy of oxygen (ΔEO). The origin of the trend line is calculated 
via DFT from the respective groups and explained in the text. 
The volcano plot in Figure 90 b) has a kink in the predicted oxygen activity to the right of the 
maximum. This is due to different ORR kinetics for the rate determining step (RDS) [35]. 
Immediately to the right of the maximum, the slope corresponds to an oxygen dissociation 
RDS (Equation 74), while further from the maximum, a proton and electron transfer occur as 
the RDS (Equation 75) [180]. 
 
    
      (74) 
  
             
  (75) 
The four electron reduction in acid (Equation 64) of oxygen can be split into a number of 
steps (ka–d) as shown in Equation 76 [184]. The dissociation step is less important for the 
considered metals (Figure 90); therefore the protonation step (Equation 75) was used in this 
multistep pathway. The rate of each of these steps is affected by the metal work function and 
d-band character, adsorption energy of reaction intermediates, geometrical arrangement of 
atoms in the surface, and possibly the number of defects on the surface. 
        
     
   
  
            
   
  
        
         
   
  
 
                                                               
       
   
  
        (76) 
By knowing the path of the overall reaction and finding the RDSs, factors affecting the rate 
of the reaction can be identified and analysed [172]. Rossmeisl et al. [184] has used a detailed 
theoretical model to calculate the potential free energy of activation for each step of 
a) b) 
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Equation 76. Figure 91 shown the results of this calculation for a Pt (111) crystal surface at 
0.9 V vs. SHE. 
Two steps of the reaction were calculated with a positive free energy and are therefore 
contenders for the RDS. These are either the formation of *OOH (ka) or the removal of OH 
(kd) from the catalyst surface, which is dependent on the strength of the metal-OH bond 
[180]. The optimum bond strength would stabilise the oxygen molecule long enough for the 
protonation step (ka) to occur, while also promoting facile dissociation from the surface. 
Platinum is the closest elemental metal to this optimum metal-OH bond strength as shown 
in Figure 90, albeit, with a slightly stronger bond compared to the optimum (kd). Some 
platinum alloys have a metal-OH bond strength closer to the optimum value, with PtNi3 
showing the highest activity to date [35]. As the bond is slightly weaker than the optimum, 
there is still room for improvement. 
 
Figure 91. The free energy diagram for the 4 ORR steps at 0.9 V vs. SHE in Equation 76 from ref. [184], 
showing clearly two steps where ΔG is positive and therefore highlighting that either one of these two steps 
has to contribute to the RDS. 
The energy of adsorption changes with electrode potential and coverage [172]. At the 
potentials where the ORR occurs (0.8 to 1.1 V vs. SHE for Pt), there is the possibility of a 
large or small surface coverage of species including a combination of adsorbed OHads, Oads 
and place exchange oxygen [172]. Altering these combinations alone affects the kinetics. For 
example, OH forms a competitive layer on the surface (see Equation 77) [24], that blocks the 
reactive sites from the O2 reduction [184].  
             
     (77) 
Eventually a complete surface layer of oxygen species is generated above 1 V vs. SHE, 
blocking the surface which inhibits the ORR. This inhibition is one of the main experimental 
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obstacles in achieving the theoretical oxygen electrode potential. Having less OH adsorbed 
on the surface translates directly to more efficient ORR catalysis [184] and it is therefore 
essential to completely understand these surface oxide layers. 
5.1.3 Pt Surface Reactions 
Since the oxygen reduction reaction occurs at potentials where the Pt surface can be covered 
with either adsorbed oxygen species or an oxide layer, it is important to understand the 
characteristics of such layers at different potentials as well as how these different layers 
affect the mechanisms and electrocatalytic activity. Figure 92 shows a typical cyclic 
voltammogram of the surface reactions observed on polycrystalline Pt in nitrogen purged 
sulphuric acid [185]. 
 
Figure 92. A CV of platinum in nitrogen purged H2SO4 (5 × 10-4 mol cm-3) at 0.1 V s-1 vs. RHE from [185]. The 
CV shows the anodic film surface reactions at the potentials where oxygen reduction and generation would 
be measured in the oxide growth region. 
The hydrogen adsorption and desorption region occurs at 0.05 ≤ E ≤ 0.4 V vs. RHE and is 
shown to be reversible by the presence of symmetrical peaks. There are three anodic peaks 
(HA1 HA2 and HA3) and two cathodic peaks (HC1 and HC2) [185]. At 0.4 ≤ E ≤ 0.8 V vs. RHE the 
double layer is observed. The onset of oxide layer formation occurs at E ≥ 0.8 V vs. RHE 
while the evolution of molecular oxygen occurs at E ≥ 1.6 V vs. RHE. The oxide layer 
formation is irreversible as demonstrated by the asymmetric peaks between the anodic and 
cathodic direction. This oxide layer remains irreversible even at low current densities and 
scan rates. The cathodic sweep has a single, almost symmetrical peak (OC), suggesting a 
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single desorption mechanism whereas the anodic sweep shows a number of different 
processes [24]. The peaks at the beginning of the oxide layer formation (OA1, OA2 and OA3) 
are believed to be from OH adsorption in various configurations. A complete surface oxide 
layer is formed at around E = 1.1 V vs. RHE, supporting the former arguments. The flat 
minimum observed at potentials higher than 1.1 V vs. RHE is believed to be a phase 
transformation between adsorbed surface oxides and the formation of phase oxide via a 
place exchange mechanism, see Figure 93 [24]. This place exchange mechanism destroys the 
original surface structure of platinum. In the case of repeated cycles in these ranges, the 
surface roughness increases and some platinum may dissolve [186]. Pt shows its highest 
thermodynamic solution concentration at 1 V vs. RHE [24]. Therefore, it is not advisable to 
go too far beyond 1.1 V vs. RHE [187]. In this study, the CVs scan to 1.23 V vs. RHE, the 
equilibrium potential of oxygen on platinum [175]. 
 
Figure 93. A schematic diagram of oxygen layers on the Pt surface, changing from an adsorbed oxide to a 
phase oxide by a place exchange mechanism, from reference [24]. 
5.1.3.1 Electrochemical Surface Area of Platinum 
The underpotential deposition (UPD) measurement is an established technique to calculate 
the electrochemical surface area (ECA) of a catalyst [188, 189]. UPD refers to the deposition 
of a monolayer of species onto a foreign surface, e.g. a catalyst, at potentials under that of 
the equilibrium potential (EѲ). This transpires because of an energetically favourable 
interaction between the surface and the species which lowers the overall surface energy of 
the system. Forms of UPD include the reduction of hydrogen and some metals such as lead, 
silver and copper [45, 46, 189]. Hydrogen UPD (Hupd) is a very useful technique for 
determining the ECA of platinum; the deposition occurs in the region of 0.05 – 0.4 V vs. RHE 
[190]. 
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By determining the charge under the hydrogen adsorption (QHads)/desorption (QHdes) 
region and subtracting the electrochemical double layer charge (Qdl); the ECA can be 
calculated. Equation 78 shows the calculation for QHads, this value can be replaced with QHdes 
for desorption.   
                    φmin < E < 0.4 V (78) 
Qref is the value of adsorbed hydrogen on a perfectly flat polycrystalline platinum surface, 
commonly reported as 210 × 10-6 C cm-2Spec [190]. The hydrogen adsorption region is shown 
in Figure 94 and is defined as the area of charge at more positive potentials than the line 
marked φmin until the current equals the double layer current (typically about 0.4 V vs. RHE). 
Although some hydrogen evolution and adsorption occurs either side of φmin, it is generally 
assumed their contributions approximately cancel each other out. Both the hydrogen 
adsorption and desorption can be used to determine the ECA of platinum; in this thesis they 
were both calculated and an average taken. Calculation of the platinum surface area through 
HUPD can be extended to find the utilisation of the catalyst layer discussed in Chapter 4. 
Firstly, the ECA of the catalyst in a liquid electrolyte is measured, where 100 % utilisation 
can be assumed. Then the same electrode is measured in fuel cell conditions with a polymer 
electrolyte and the fraction of ECA measured gives the utilisation [155]. 
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Figure 94. A CV of the hydrogen adsorption/desorption region in nitrogen purged H2SO4 (5 × 10-4 mol cm-3) at 
0.1 V s-1 vs. RHE. The region highlighted corresponds to the Hads region used to calculate the ECA of 
platinum. 
With a high flux of inert gas such as nitrogen flowing across the catalyst, an artefact can 
occur in the ECA measurement [188, 191]. This is caused by mass transport of molecular 
hydrogen away from the catalyst surface and depends on the nitrogen flow rate across the 
electrode surface during the scan. By flowing nitrogen across the catalyst, the activity of 
hydrogen (a(H2)) in close proximity to the catalyst is reduced. This reduction causes the 
equilibrium potential (Ee) of the HER to shift to higher potentials following the Nernst 
equation (Equation 79) [191]. 
    
  
  
  
    
             
       
  (79) 
Where EѲ is the standard equilibrium potential, set to zero as convention for hydrogen 
evolution and a(H2) and a(H3O+) are the activities of their respective species. As the activity 
of H2 decreases around the electrode, the equilibrium potential will increase, causing the 
onset of hydrogen evolution at higher potentials. Therefore, the HER will occur in potentials 
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overlapping with the Hupd [191], causing a constant cathodic current that will increase the 
observed cathodic current and decrease the observed anodic current. The Hads area can be 
reduced by as much as 20 % [188]. In a static system, the activity of hydrogen immediately 
next to the catalyst is allowed to accumulate, which reduces the equilibrium potential and 
separates the Hupd region from the HER region. If a static system is not possible, the effect 
was shown to be negligible if the gas flow is reduced to 1.67 × 10-2 cm3 s-1 per cm2 of catalyst 
or below [188]. For the geometric area of the catalyst layer utilised in this project of 0.031 
cm2, the flow would have to be reduced to 5.2 × 10-4 cm3 s-1 to fit this requirement. As the 
wall jet apparatus described in section 2 can achieve flow rates up to 53 cm3 s-1 per cm2 of 
catalyst, this artefact has to be considered.  
An alternative technique for measuring the ECA of platinum is carbon monoxide oxidation. 
CO is a poison to platinum and forms a strongly bound near-monolayer coverage on the 
platinum surface at open circuit potential (~0.1 V). The COads is removed in a ‘reactant pair’ 
mechanism with OHads in an aqueous environment [42, 192, 193]. This can be shown in the 
form of the Langmuir-Hinshelwood reaction mechanism (Equations 80 - 82). 
           
      (80) 
           
   
 
     
     (81) 
           
     
 
        (82) 
kox and kchem are the rate constants corresponding to either the electrochemical oxidation or 
the chemical reaction steps, respectively. It is suggested that the first step in the reaction of 
Equation 81 is the formation of a carbonyl species shown in Equation 82 [77]. Due to the 
requirement of surface adsorbed OH (Equation 80), the CO oxidation peak occurs at a 
potential range where surface oxygen species form on the surface. For platinum, this 
potential is around 0.8 V vs RHE as shown in Figure 92. The CO oxidation peak is strongly 
particle size dependent, with the stripping peak shifting to more positive potentials for a 
decrease in particle size [77]. As these nano-particles are polycrystalline, the peak is made up 
of a stripping potential on a combination of the crystal faces. The positive shift in peak 
potentials can be explained by a change in the morphology of the Pt nano-particles, 
exhibiting a larger fraction of crystal faces with higher CO stripping potentials: (111) at 0.87 
V vs. RHE and (100) at 0.79 V vs. RHE, and a reduction in (110) surface with a stripping peak 
at 0.70 V vs. RHE [60]. In contrast, the number of step and defect sites increase dramatically 
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with a reduction of particles size, giving a much greater heterogeneity in the surface 
structure [42]. The defect sites are more active than atomically flat surface towards the 
activation of water, which increases the rate of equations 81 and 82 [194]. The ECA of 
platinum can be calculated from a CV using Equation 83. 
                    (83) 
This equation is similar to Equation 78, commonly accepted for CO desorption (Qref) on 
platinum at 420 × 10-6 C cm-2Spec [77]. A number of other processes occuring in the region of 
CO oxidation include oxide layer formation, double layer capacitance and faradaic side 
reactions [42]. Thus, a charge associated with the background scan in the absence of CO 
gives a good estimate of all these contributions (Qbg) and it needs to be substituted for (Qdl) 
to separate the CO stripping charge. For a more accurate calculation, the charges associated 
with adsorption of anions and double layer reformation which takes place during CO 
adsorption would be accounted for [42]. In this project the former method was used as a 
comparison to the ECA calculated from the hydrogen adsorption region.  
5.1.4 CV of the Oxygen Reduction Reaction 
Figure 95 shows a typical CV of the ORR using a RDE in perchloric acid. Oxygen reduction 
begins at about 1 V vs RHE, which corresponds to an overpotential of 0.23 V (see Section 
5.1.2), and closely related to the reduction of the oxide layer on platinum (Figure 92). With 
decreasing potential the reduction current increases rapidly until about 0.7 V vs. RHE, at 
which the reaction becomes mass transport limited and the rate of reaction becomes 
independent of overpotential. The mass transport limitation is caused by the low 
concentrations of oxygen in aqueous electrolytes and the hydrodynamic limitations of the 
RDE discussed in Chapter 1. There is often a slight hysteresis observed in the ORR between 
the positive-going and negative-going potential scan, with a lower overpotential required 
for equivalent current densities on the anodic scan because the reaction occurs on an oxide-
free surface [56]. 
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Figure 95. A typical CV of the ORR on a platinum catalyst from the rotating disk electrode at 60 °C, showing a 
limitation due to slow oxygen diffusion and low oxygen concentration in aqueous electrolytes (in this case 
1 × 10-4 mol cm-3 HClO4) by Gasteiger et al. [28]. 
Kinetic data of the ORR can be extracted directly from the slope of the ORR curve as 
explained in Section 5.1.6, providing there is no effect from mass transport limitations [67]. 
For the RDE, the mass transport limitation occurs at potentials around 0.7 V vs RHE, but the 
shape of the curve is affected by mass transport contributions before this limit. These mass 
transport contributions have to be compensated for to extract kinetic data. This is especially 
important when extracting kinetic data for a PEFC where the ORR typically occurs between 
0.6 and 0.8 V vs. RHE [16, 22]. Therefore, the kinetic data would have to be measured at 
lower overpotentials, corrected for mass transport contributions and then extrapolated to the 
area of interest, introducing sources of error. Moreover, the aqueous electrolyte required for 
RDE measurements alters the ORR kinetics. Thus, when using data from an RDE experiment 
to predict a catalyst’s kinetics in a PEFC with a PFSI electrolyte, an error can be included. 
Figure 96 shows a CV of the ORR for Pt black and Pt/C catalysts in a SS-WJE from Kucernak 
and Toyoda [22]. By eliminating the need for aqueous electrolyte and supplying the reactant 
gas directly to the back of the WE, they were able to observe the electrocatalytic currents in 
PEFC relevant potentials (0.6 – 0.8 V vs. RHE [16]). Moreover, no mass transport limiting 
current density was reached for this potential range, with a maximum current density of 100 
mA cm-2Spec at 0.4 V vs. RHE. This CV was also performed across a Pt/PFSI interface, 
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imitating PEFC conditions. This is important when analysing catalysts with the intent to use 
them in a PEFC, as discussed below in Section 5.1.5. The SS-WJE method, with its high mass 
transport and fuel cell conditions show clear advantages for PEFC catalyst analysis and is 
the reason this project has developed it. 
 
Figure 96. A CV of the ORR on a Pt black and Pt/C catalyst from the solid-state wall jet electrode by Kucernak 
et al. [22]. Scan rate of 5 mV s-1, at 50 °C. 
5.1.5 Electrolyte effect 
Aqueous electrolytes tend to be categorised into either strongly adsorbing or weakly 
adsorbing anions [195]. Strongly adsorbing anions include SO42-, HPO42-, Cl-, while weakly 
adsorbing anions include ClO4-. This is reflected in whether the anion specifically adsorbs 
onto the surface or interacts through a solvent cage. Figure 97 a) shows a CV of platinum in 
perchloric acid (1) and sulphuric acid (2) [196]. There are a number of differences between 
these two aqueous electrolytes including a more defined hydrogen region and a delayed 
onset of oxide formation on the platinum surface in sulphuric acid. These differences reflect 
the effective adsorption strengths of the respective anions. The strongly adsorbing anions 
have a displacement and blocking effect, leading to the formation of the oxide at more 
positive potentials and a more defined hydrogen adsorption/desorption potential [16, 196, 
197]. 
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Figure 97. CV of platinum in perchloric acid (1) and sulphuric acid (2) showing the difference in anion 
species, taken from [196]. A) is taken in inert conditions from [196], b) taken in the presence of oxygen from 
[198]. 
This anion interaction at the electrode surface also affects electrochemical reactions such as 
the ORR and HOR [16]. The ORR in Figure 97 b) shows that the strong adsorption of 
sulphuric acid (2) hindering the chemisorption of oxygen [33, 196, 197], causing the ORR to 
be substantially less active than in perchloric acid (1) [33, 198]. 
The ORR on platinum is also structure sensitive for adsorbing anions [26, 33, 195]. For the 
weakly adsorbing perchlorate anion, the change in activity on the different crystal faces was 
found to be small [195], with a slight decrease in activity in the order of (110) > (111) > (100) 
[26]. While in the presence of strongly adsorbing anions, (such as the sulphate anion in 
sulphuric acid), structure sensitivity was more apparent with the activity of the crystal facets 
in order of (110) > (100) > (111) [33, 195]. The (110) crystal facet is the most active for both 
electrolytes. Whereas the (111) facet is the second most active in the presence of weakly 
adsorbing anions (such as the perchlorate anion in perchloric acid), but is deactivated in the 
presence of sulphuric acid, becoming less active than the (100). 
The above effects highlight the difference in aqueous electrolytes when mobile anions are 
present. The PFSI electrolyte in a PEFC is again very different, with anions fixed to a 
polymeric backbone. The CV in Figure 98 shows this difference in interaction between 
sulphuric acid and a PFSI electrolyte, with a less defined hydrogen region and an earlier 
onset of the oxide layer. Recent analysis has shown that the sulphonate anions on the PFSI 
side chains are strong anion adsorbates, more similar to sulphate anions than perchlorate 
anions [62]. However, because the sulphonate anions are joined to a polymeric backbone 
(immobile), they are prevented from packing closely together and form a lower surface 
coverage compared to similar but mobile anions. Relative to non-specific anion adsorbates, a 
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slight suppression of OHads formation is observed with the PFSI which is probably an effect 
of these strongly adsorbed anions at low surface coverage [62]. 
The CF3 functional group on the side chains of the PFSI was also shown to interact with the 
platinum surface [199], most probably acting like a non-specific adsorbate. Therefore, in 
contact with a PFSI membrane, some of the platinum surface will be covered in strong anion 
adsorption similar to sulphuric acid, while some will be covered by non-specific adsorbates 
much like the perchloric acid anion [199], as illustrated in Figure 99. With this more complex 
interaction, both aqueous electrolytes are inadequate to accurately simulate the effect of the 
Pt/PFSI interface. 
 
Figure 98. CV of platinum in contact with a PFSI membrane without supporting electrolyte compared to in 
5 × 10-4 mol cm-3 sulphuric acid, adapted from [55]. 
The structure of PFSI is also known to alter with potential [62, 200]. On a platinum surface a 
hydrophobic region of the PFSI forms adjacent, while with a platinum oxide surface the 
adjacent region is a hydrophilic region. The oxide layer causes long range restructuring of 
the PFSI [200]. This more complex adsorption pattern shows that the electrochemistry of a 
Pt/PFSI interface is not fully comparable with the electrochemistry performed across a 
Pt/aqueous electrolyte interface. Therefore, analysing catalysts in an aqueous electrolyte to 
be used in contact with PFSI might be misleading. In addition, mobile anions in electrolyte 
easily penetrate the PFSI membrane, and in the case of stronger adsorbing anions, they 
displace the PFSIs sulphonate anions [62]. Therefore, it is important to study the 
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electrochemical PEFC reactions such as the ORR and HOR across a Pt/PFSI interface in the 
absence of other electrolytes to obtain results applicable for conditions within a PEFC. 
 
Figure 99. A model of the proposed interaction of Nafion®  on a platinum surface from [199]. The atom colours 
represent dark blue for platinum, gray for carbon, light blue for fluorine, red for oxygen and yellow for 
sulphur. 
Other differences between PFSI membrane and aqueous electrolytes include: restricted 
water activity, concentration and diffusion coefficients of reactants, and a temperature 
limitation (< 100 °C) [22]. These limitations are discussed in detail in Section 1.2 on page 37.  
5.1.6 Kinetic Parameters 
Tafel analysis is often used to calculate kinetic parameters in the ORR such as the exchange 
current density (j0) and the transfer coefficient (α). These kinetic parameters are calculated 
using the Butler Volmer equation, Equation 84 [18]. 
         
       
  
      
      
  
   (84) 
Where η is the overpotential (EѲ - E) for the reaction in question and j and j0 are the 
measured current density and exchange current density (under equilibrium conditions), 
respectively. Equation 84 has a term for the oxidation reaction      
       
  
   and a term for 
the reduction reaction      
      
  
  . At overpotentials where the reaction can be said to 
only proceed in one direction, i.e. the reverse reaction is negligible, the Butler-Volmer 
equation can be simplified to Equation 85 for oxidation and Equation 86 for the reduction 
[18]. 
      
 
  
   
      
       
  (85) 
      
 
  
    
  
       
  (86) 
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Tafel analysis can then be conducted by plotting log10(j) against the overpotential η. The 
slope of the Tafel plot depends on the value of the transfer coefficient α and the intercept is 
the log10 of the exchange current density (j0). The ORR is known to be irreversible (have a 
small j0 value); thus a large overpotential is needed to drive the reduction and oxidation 
reactions at sufficient rates. Subsequently, on the negative-going potential scan, the 
oxidative current drawn can be considered negligible. In this system, the reduction is 
oxygen reduction and the oxidation is either water or hydrogen peroxide oxidation to 
oxygen. 
Equation 84 models the reaction in Equation 87, a simple outer sphere, one electron transfer 
at the interface without the involvement of any other chemical step or interaction from other 
species [15]. 
    
   
 
   
  (87) 
However, the ORR is rather more complex than this, with up to a four electron charge 
transfer over a number of steps (see Figure 87) and other species involved such as OHads, 
protons and spectator ions [33, 36, 56]. These terms can be included into the Butler-Volmer 
equation by assuming one RDS of the ORR is dominant. The RDS is often reported as the 
first electron transfer and protonation [56, 201], Equation 88. This is likely to be the case for 
low overpotentials where the electron transfer is slow. However, at high overpotentials the 
electron transfer becomes relatively fast compared to adsorption or diffusion of the oxygen 
to the surface and therefore the latter terms can become rate determining. 
   
                 
     
  
                            
      
  
      (88) 
In this case j0 from Equation 84 can be written as Equation 89 adapted from [56]. 
            
     
    
 
 
     
  (89) 
Where the krds term represents the effective rate constant due to the RDS, aH+ represents the 
proton activity close to the electrode, CO2 represents the concentration of oxygen close to the 
electrode surface and the θfree term represents the free coverage of surface sites. Each of these 
later parameters are raised to an appropriate power to take into account their requirements 
for completion of the reaction. This kinetic equation assumes that there is one overall RDS. 
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In principle, there might be several RDSs, and the mechanism might change as the potential 
changes. Certainly, free is expected to explicitly vary with potential. 
Despite these complications,  the terms in Equation 89 have been probed in aqueous 
electrolytes to gain some insight of the influence of these terms over reaction kinetics and 
pathways of the ORR [24, 201]. For instance, Damjanovic et al. [201] concluded the RDS has a 
proton transfer involved because of an observed pH dependence. The concentration of 
dissolved oxygen was also altered, and as measurements were taken across a range of 
potentials, the surface coverage dependence was also accounted for. This early work has 
improved the understanding of the electrode kinetics of the ORR in aqueous electrolytes. To 
explore these relations across a Pt/PFSI membrane interface would be beneficial to 
understanding the ORR in PEFC conditions. The concentration of oxygen close to the 
electrode surface can be varied by partial pressure. The activity of protons close to the 
electrode surface can be altered with different water activities within the PFSI membrane, or 
ion exchanging the PFSI membrane to lower the proton count. These variations can be 
studied across a wide potential range to vary the surface coverage. In addition, the HOR 
reaction can be used to probe the surface coverage oxides at high potentials. 
5.1.7 Particle size effects 
One of the main aims of current PEFC research is to reduce the amount of platinum catalyst 
while retaining an equivalent catalytic activity. One method to achieve greater activity per 
gram is to reduce the platinum particle size as this increases the catalytically active surface 
area per gram. Early catalyst layers contained platinum black of around 10 - 20 nm diameter 
[28]. The particle diameter could not be reduced to below 5 nm without particles coalescing 
with an adjacent particle to minimise surface free energy [8]. This limitation was overcome 
by dispersing the catalyst on a support, mainly carbon black [28], whereby the particles are 
separated enough to remain kinetically stable. The particles could then be reduced to sizes 
around 2 nm, see Chapter 4 for catalyst development. Assuming the particles form an ideal 
cubooctahedral shape, a 1.6 nm diameter particle has more than 50 % of the atoms residing 
on the surface layer, while a particle with 4.8 nm diameter has only 25 % of atoms on the 
surface [187]. The particle size cannot be reduced infinitely as the stability of the particle 
decreases [9]. Particles of 1.6 nm diameter were found to be unstable above temperatures of 
60 °C [186, 187, 202], at which platinum would dissolve into the electrolyte, with the 
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possibility of coalescing with an adjacent particle or being lost in a non-electronically 
conducting media such as the polymer electrolyte. 
Another effect of reducing the particle size is a reported decrease in activity per surface area 
of the catalyst [28, 30, 56]. Figure 100 a) shows this decrease in specific activity in terms of 
metal area [28]. Figure 100 b) shows the mass activity with respect to the metal area. The 
most efficient use of platinum is when a metal area of 80 – 110 m2 g-1 is attained, achieving a 
mass activity of 0.2 mA g-1. This corresponds to a particle diameter of 3 - 5 nm [28, 53].  
 
Figure 100. Platinum size affects on the oxygen reduction reaction; taken from [28], a) current density vs. metal 
area, showing a reduction of activation as the particle reduces in size (surface area increases) and b) mass 
activity vs. metal area of the platinum particle, showing a peak of activity at around 90 – 100 m2 gPt-1, 
corresponding to a particle size of about 3 - 5 nm. 
The decrease in specific activity on reduction of particle size has been attributed to a number 
of different effects. The first is due to morphological changes in the particle’s ratios of the 
crystal planes [60, 187], with less active planes becoming dominant in smaller particles [26, 
33]. The second is a change in the electronic structure of the surface layer, causing increased 
adsorption strength of OHads on smaller particles which act as site blocking species [28, 30], 
see Section 5.1.2. The third is an inter-particle distance effect; where the diffusion spheres of 
adjacent particles can be affected when within 20 nm of each other, causing the specific 
activity not to be fully utilised [187, 203]. For decreasing particle sizes of platinum on a 
constant loading the inter-particle length decreases. Whether the effect is due to one or a 
combination of the above factors is still debated with varied conclusions among the authors. 
Inconsistency in the results could also arise from electrolyte effects or structural effects of the 
catalyst layer such as pore size, particle size distribution and additives, e.g. binding 
materials [30, 56]. 
All these particle size conclusions have been obtained in aqueous electrolytes, either on the 
RDE or CFC with limited diffusion as discussed in Chapter 1. From these results, the authors 
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predict the same effect will be seen in PEFC conditions, although to my knowledge, 
verification of this prediction has not been reported. An increase in H2O2 production has 
been observed for high mass transport using a microelectrode and this may affect the 
performance in a PEFC where diffusion is much higher [50, 56]. A valuable experiment 
would be to examine the particle size effect in realistic fuel cell conditions so a direct 
comparison can be made. 
5.2 Experimental 
5.2.1 Cleaning Procedure 
All equipment which came into contact with the solution or electrode was thoroughly 
cleaned. This included the electrochemical cells, RE, CE, gas bubbler, volumetric flasks and 
glassware used in the making of solutions. The equipment was submersed in a solution of 
potassium permanganate (2 × 10-4 mol cm-3, Sigma Aldrich, 97 %) and sulphuric acid 
(1.9 × 10-3 mol cm-3, VWR) for a minimum of 8 hours. After, it was rinsed with piranha 
solution (9 × 10-3 mol cm-3 H2O2 and 1.9 × 10-3 mol cm-3 H2SO4), followed by ultra-pure water 
(18.2 MΩ cm resistivity, Millipore Milli-Q) six times. Finally, it was soaked in ultra-pure 
water for 1 hour to remove any peroxide residues, before being rinsed six times with ultra-
pure water again. The WE was produced and cleaned as described in Chapter 4. This 
involves pre-cleaning the PCTE with a Soxhlet extractor and cleaning all glassware involved 
in the fabrication of the WE, as described above. 
5.2.2 Solutions and Reactants 
Two electrolytes of 5 × 10-4 mol cm-3 concentration were prepared with ultra-pure water 
(Millipore Mili-Q, 18.2 × 106 Ω cm resistivity) and conc. acid, either sulphuric acid (VWR, 
BDH Aristar grade) or perchloric acid (VWR, BHD Aristar grade). These were used for the 
aqueous electrochemical measurements. Gases were used with 6N rated regulators (GCE 
DruVa, FMD 532-18): nitrogen (Air products, BIP plus); oxygen (Air products, UltraPure 
Plus) and hydrogen (Air products, BIP plus) (For purity, see table 2 in Chapter 2 on page 50). 
The WE described in Chapter 4 was placed in contact with the aqueous electrolyte without 
bonding to the PFSI and solid-state RE. The WE was pushed into contact with the solution 
and because of the hydrophobic effect of the deposited Teflon AF on the back of the PCTE, 
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the WE floated on the top with the catalyst spot facing the solution, Figure 101 a). In this 
way the reactant gas was blown onto the back of the electrode. Unless stated otherwise, the 
catalyst spot had a diameter of 0.2 cm. 
The solid-state electrochemical cell configuration is described in Chapter 2. The MEA was 
fabricated by hotpressing the WE to the Nafion® 212 sandwiched RE described in Chapter 3 
at 130 °C and 6 × 103 kPa for 240 s. This MEA was placed in the electrochemical cell in Figure 
101 b) and the CE was pushed into contact with the PFSI membrane by a pinching effect 
between the glass of the wall jet and the electrochemical cell’s lid. The WE is aligned with a 
hole in the electrochemical cell, where the wall jet can be pushed up into contact. 
 
Figure 101. Photos of the electrochemical cells showing a) the cell for aqueous electrochemistry, showing the 
WE, RE, CE and Luggin capillary and b) the cell for solid-state electrochemistry. 
5.2.3 Electrochemical Procedure 
All electrochemical deposition and measurements of cyclic voltammetry and 
chronopotentiometry were carried out using a Gamry potentiostat Reference 600, controlled 
by a remote computer with Gamry Framework software (version 5.50) installed. 
Electrochemical cleaning was required before each experiment. The potential across the WE 
was scanned 50 times at 0.1 V s-1 from 0 to 1.23 V vs. RHE. This was the final cleaning step 
after the cleaning of the electrochemical cell and working electrode. CV and ORR 
measurements of the catalyst layers were carried out in aqueous electrolyte and in contact 
with the PFSI electrolyte. All experiments were carried out at room temperature although 
the solid-state electrochemical cell has been designed to work at a range of temperatures up 
to 120 °C. The results as not iR corrected unless explicitly stated. 
RE CE 
WE 
Luggin 
capillary 
a)  b) 
PTFE hull 
Polycarbonate window 
with hole for the wall jet 
Purgeable 
region around 
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5.3 Results and Discussion 
This chapter explores the electrochemistry of the catalyst layers described in Chapter 4 in 
terms of PEFC catalysts. Firstly, the novel catalyst layer will be analysed in aqueous 
electrolytes to verify the suitability of the structure and materials for exploring PEFC 
reactions, in particular the ORR. Then this catalyst layer will be combined with the RE 
(Chapter 3) to fabricate an MEA suitable to replicate fuel cell conditions in the 
electrochemical cell described in Chapter 2. An alternative catalyst layer made from 
sputtered gold is also demonstrated, showing the versatility of the gold sputtered 
polycarbonate to support a variety of PEFC relevant catalysts.  
5.3.1 Voltammetric Analysis 
Figure 102 shows two CVs of the WEs discussed in Chapter 4 in nitrogen purged sulphuric 
acid. The ordinate shows specific current density, with the geometric current density shown 
in the insert. The catalyst loadings are calculated from the ECA using Equation 78 (Page 
179). The two different ultra-low loadings of the Pt/C catalyst (29 and 7 μgPt cm-2) show 
typical platinum features [204, 205] as well as a large double layer. 
In the hydrogen region (0.05 – 0.4 V vs. RHE), the hydrogen fine structure is visible, showing 
the anodic (HA1, HA2 and HA3) and cathodic (HC1 and HC2) peaks as outlined in Figure 92. In 
the oxide region (≥ 0.8 V vs. RHE), a single peak is seen where the three anodic peaks (OA1, 
OA2 and OA3) are and after the peak the typical flat minimum occurs. The double layer 
increases after about 0.5 V vs. RHE on the 7 μgPt cm-2 loading. This slight increase and 
having only a single anodic peak could be due to oxidation of persistent organics 
accentuated by the lower currents of the ultra-low loadings of platinum. A discussion of the 
acceptable level of contaminants is discussed in Section 5.3.1.1. The disproportionately large 
charge of the double layer is similar for the geometric current density of both catalyst 
loadings and therefore shows it is independent of the catalyst loading. This is because the 
substrate onto which the catalyst layer is deposited is coated with a layer of sputtered gold 
which has its own double layer capacitance. As the catalyst loadings are low, the capacitance 
from the gold surface area becomes significant in the double layer region. 
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Figure 102. CV of catalyst layer in sulphuric acid; Catalyst loadings of 29 and 7 µgPt cm-2 Pt/C on the gas 
diffusion layer as shown in Chapter 4. Scan in nitrogen purged H2SO4 at 0.02 V s-1 vs. RHE and using a Pt 
wire counter electrode. 
Table 20 shows the catalyst loading, calculated from the ECA of four electrodes. The catalyst 
has a metal area of 89 m2 g-1 [206]. The predicted loading calculated from the quantity of ink 
deposited is shown in the first column. Compared to the measured ECA, about 60 % of the 
catalyst remains active on the gold coated polycarbonate. This means at that least 30 % of the 
catalyst layer is either pulled into the pores or sucked through with the filtrate. 
Table 20. Catalyst loadings calculated from the deposition process and in-situ with the ECA of the hydrogen 
region. 
Loading / μgPt cm-2 
Percentage 
/ % 
Roughness 
Factor Predicted Measured 
50 21 42 18 
50 31 62 27 
10 6 60 5 
10 7 70 6 
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5.3.1.1 The Importance of Cleaning 
One of the major problems in the study of ORR kinetics has been the disruptive effect of 
impurities [26, 42, 205, 207]. Some impurities are found to affect the kinetics when in 
concentrations of the order of 10-10 mol cm-3 [172]. Residual organics are likely to cause 
current density decay at potentials below their respective oxidation potentials and spurious 
peaks when oxidised. In this study, the use of ultra-low loading catalyst layers and the very 
high flow rates of reactants and products to and from the catalyst amplifies the effects of 
impurities. A reduction of the catalyst loading causes an equivalent concentration of 
impurities to disrupt a greater percentage of the catalyst surface, while an increase in mass 
transport to the WE enlarges the flux of contaminants to the WE [26]. Offer [44] realised the 
importance of cleaning when using a HM-WJE and designated a section of his PhD thesis to 
explaining a cleaning procedure. Markovic et al. [26] talked in general about techniques to 
achieve cleanliness of the working electrode for single crystal work, highlighting the 
additional problems when moving to high mass transport systems. The multiplication effect 
of impurities from the high flow rates of the SS-WJE developed in this project is outlined in 
Section 2.2.2 on page 54. The combination of these two effects causes cleanliness to be 
extremely important to accomplish correct and reproducible results. Cleanliness in this 
project will be discussed in terms of achieving the resolution in the peaks on a CV, as 
demonstrated in the introduction (Figure 92), and the stability of the hydrogen region over 
time. 
Initially, the cleaning procedure developed in this group for the HM-WJE was adopted [44]. 
This involved cleaning all the equipment with an acidified potassium permanganate 
solution, then rinsing with acidified hydrogen peroxide, before washing with copious 
amounts of water to remove any residuals. The equipment includes the glassware, 
electrodes and peripheral devices which come in direct contact with either the electrodes or 
electrolyte. Only BDH Aristar grade chemicals and 5.8N or above purity gases were utilised. 
Finally, immediately before measurements, the electrode was electrochemical cleaned by 
scanning between the hydrogen and oxide formation potentials [26]. 
This project involves a novel WE designed to imitate PEFC catalyst layers and materials, 
including PCTE, Pt/C catalyst, Teflon AF and the PFSI in both the solution and membrane 
form. The acidified potassium permanganate has the possibility to oxidise the carbon 
support of the Pt/C and the PCTE. Also, anodic film formation (oxide layer) and reduction 
is not possible for the Pt/C catalyst as scanning to high potentials can cause structural 
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changes to the Pt nano-particles and corrosion of the carbon support. Therefore, an 
alternative cleaning procedure has been introduced. Initially, this involved first drying in a 
vacuum oven to remove possible solvents and then rinsing with copious amounts of water. 
Care was taken to keep the catalyst and everything which comes into contact with it 
meticulously clean. Once in the cell, the WE was scanned 50 times between the potentials of 
0 - 1.23 V vs. RHE. This gave the black line in Figure 103, which although shows platinum 
features, has a distorted shape caused by contaminants, including a rising current in the 
oxide region typical of organics being oxidised. 
With an additional cleaning step of washing the PCTE in a Soxhlet extractor, first with 
propan-2-ol followed by ultra-pure water under reflux, a much improved shape of the Pt CV 
was obtained (Figure 103, red line). The fine structure in the hydrogen region and two peaks 
in the oxide region shows a high standard of cleanliness has been achieved. Therefore, the 
impurities have been reduced to an acceptable level in the WE and in particular the PCTE 
membrane for kinetic studies of the ORR to be performed. Due to the improved CV shape 
after refluxing in the Soxhlet extractor, the contaminants were presumed to originate from 
the PCTE membrane. This confirms that a clean CV with acceptable levels of impurities can 
be achieved for the WE and in particular the PCTE membrane. 
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Figure 103. CV of catalyst layer before (black line) and after (red line) cleaning with a Soxhlet extractor; the 
Scan shows 28 and 29 µgPt cm-2 Pt/C in nitrogen purged H2SO4 at 0.02 V s-1 against an RHE and Pt wire CE. 
The stability of the CV in a nitrogen purged solution was examined with respect to time. 
Figure 104 shows the ECA of two electrodes: a Pt/C catalyst with a roughness factor of 22, 
corresponding to 24 μgPt cm-2 or 0.7 cm2 of surface area for the spot size and a sputtered Pt 
catalyst with a roughness factor of 3.4, corresponding to 5 nm sputter layer or 0.1 cm2 of 
surface area for the spot size. After an initial clean, the two electrodes were placed in 
nitrogen purged sulphuric acid and CVs of the hydrogen region (0.075 - 0.3 V vs. RHE) were 
taken over an hour. This region is below the region where most contaminants would be 
oxidised on the surface, therefore allowing them to accumulate. 
The 100 % active catalyst represents the initial ECA. The insert shows the hydrogen region 
which was integrated to give the ECA for the Pt/C catalyst. Over 1 h, 25 % of the Pt/C ECA 
was lost, while the sputtered Pt lost 40 %. Both losses are quite significant but not surprising 
considering the back of the electrode is exposed to higher diffusion rates of gas thorough the 
pores, then diffusion through an aqueous solution. It also highlights the increased 
susceptibility of the catalyst layer to poisoning as the catalyst surface area is reduced. Over 
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95 % of the electrode surface was retained over 7 ½ and 3 minutes for the Pt/C and 
sputtered Pt, respectively. This would be adequate for running CVs of ORR or HOR at a 
scan rate of 0.02 V s-1 and is in agreement with the quoted time of cleanliness time from 
single crystal work with the RDE by Markovic et al. [26]. 
 
Figure 104. CV to show the loss of hydrogen region over 1 hour of scanning between 0.05 and 0.3 V vs. RHE. 
Insert shows the CVs from which the hydrogen region was measured for the Pt/C catalyst at a roughness 
factor of 22. Scan in nitrogen purged H2SO4 (5 × 10-4 mol cm-3), Pt wire CE and potential measured against a 
RHE. 
5.3.1.2 CO Stripping 
Figure 105 shows carbon monoxide stripping peaks for different loadings of the catalyst 
layer in terms of specific current density. The insert shows the geometric current densities. 
The onset of CO oxidation occurs around 0.7 V vs RHE, with a peak at about 0.8 V vs. RHE 
as typically reported for Pt nano-particles [60, 77]. For these results the catalyst spot had a 
1.8 cm diameter. Since the area of the catalyst spot is larger in comparison to the gold 
around it, the catalyst contribution is greater than the double layer contribution of the 
surrounding gold. This increased catalyst area causes the double layer to be comparatively 
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smaller than the double layer of the 0.2 cm diameter catalyst spots in Figure 102. For these 
CVs, the charges under the carbon monoxide stripping peak and the hydrogen region were 
calculated, as shown in Table 21, and reach good correlation to each other. See Equation 83 
in Section 5.1.3 for the carbon monoxide ECA calculations. 
 
Figure 105. Carbon monoxide stripping of catalyst layers at different loadings; The specific current density of 
catalyst loadings at 77, 45 and 7.6 μgPt cm-2 scanned at 0.02 V s-1 after 20 minutes exposure to CO, then 20 
minutes purge with nitrogen. The electrode was placed in H2SO4 (5 × 10-4 mol cm-3) with a Pt wire CE and a 
RHE. Insert shows the geometric current densities. 
Table 21. A table to show the calculated surface area from the hydrogen region and the CO stripping peak. 
Catalyst 
Loading 
/ μgPt cm-2 
Roughness factor H 
region 
Roughness factor CO 
region 
77 68 69 
45 41 40 
7.6 6.3 7.3 
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As carbon monoxide is a strong adsorbent [88], poisoning the surface with CO was 
considered as a possible method to clean the surface. Figure 106 shows the voltammogram 
of platinum before, during and after the CO stripping scans. The CO stripping scan is the 
same as the 45 μgPt cm-2 catalyst loading from Figure 105. The before and after scan look 
almost identical, suggesting that the cleaning procedure described in the experimental, 
Section 5.2.1, is adequate and not improved by using a strong adsorbent. 
 
Figure 106. CV of a catalyst of 45 μgPt cm-2 loading over an area of 18 cm2 showing a scan before, during and 
after CO treatment. Scan (1) shows a scan before CO stripping, scan (2) after 20 minutes exposure to CO, then 
20 minutes purge with nitrogen. Scan (3) shows a CV after CO stripping. The in nitrogen purged H2SO4 
(5 × 10-4 mol cm-3) at 0.02 V s-1 against an RHE and Pt wire CE. 
5.3.1.3 Oxygen Reduction Reaction 
Firstly, the ORR was studied in aqueous electrolyte to analyse the novel WE with the ultra-
low catalyst loadings. Figure 107 shows a catalyst with a 5 μgPt cm-2 loading (roughness 
factor of 4.2) in 5 × 10-4 mol cm-3 perchloric acid at a scan rate of 0.01 V s-1. Due to the 
addition of the Teflon AF to the PCTE substrate, the WE floated on top of the aqueous 
electrolyte, with the catalyst layer facing down and the hydrophobic pores facing up. 
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Oxygen was then blown directly onto the back of the porous substrate. At 0.3 V vs. RHE, the 
specific current density was 165 mA cm-2Spec. The geometric current density equates to 680 
mA cm-2Geo as shown by the ordinate on the right. The scan is curved for potentials above 
approximately 0.6 V vs. RHE, showing that the electrode is able to measure kinetically 
controlled currents across the entire cathode working conditions of a PEFC (0.6 – 0.8 V vs. 
RHE [16]). This is beyond the limitation of the RDE, shown with the red line [22]. After 0.6 V 
vs. RHE, the scan continues diagonally in a straight line. The straight line is most probably 
caused by resistive losses which could either be mass transport of the oxygen, electrode 
and/or ionic resistance. It is possible that the pores could have been flooded, causing a mass 
transport resistance, although a specific mass transport limiting current was never visible. 
Paik et al. [69] observed a similar resistive scan in solid-state conditions, when ionic 
conduction was limited. Therefore, a combined mass transport and resistive loss is most 
probably the cause. 
 
Figure 107. 4 µgPt cm-2 Pt/C catalyst exposed to oxygen, run in 5 × 10-4 mol cm-3 HClO4 at 0.01 V s-1 vs. RHE. 
Counter electrode is a Pt wire. The ordinate axis corresponds to the specific and geometric current density to 
the left and right, respectively. The red line corresponds to the rate limiting geometric current density a RDE 
can achieve. 
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5.3.1.4 Resistance measurements 
To determine the cause of the straight line gradient at potentials below 0.6 V vs. RHE, the 
resistance of the cell was measured using electrochemical impedance spectroscopy (EIS) at 
1 MHz under open circuit potential in the presence of oxygen. The EIS measurement gave a 
resistance of 4.5 Ω, Table 22. By taking the resistive components expected from the electrode 
and electrolyte the expected resistance equates to 2.32 Ω. Almost all of this resistance is 
electrical resistance from the gold coated PCTE (2.24 Ω) as stated in Section 4.3.2 on page 
152. The other component arises from the 5 × 10-4 mol cm-3 perchloric acid with a resistivity 
of 5.09 × 10-3 Ω cm (25 °C) [208]. With a distance (l) of 0.5 cm from the WE to the tip of the 
Luggin capillary (0.5 cm) and an area (A) assumed to be the geometric area of the electrode 
(0.031 cm2), the ionic resistance is ca. 0.08 Ω (see Equation 35 on page 91). 
The EIS measured and component calculated resistance values differ very little, especially as 
the component resistance calculation does not include contact resistance or other 
components and is likely to be an underestimate. An estimate of the resistance can also be 
calculated from the gradient of the straight line below 0.6 V vs. RHE in Figure 107 at 19 Ω. 
This value is not compensated in the resistance from EIS and sum of components, being over 
4 times larger. A possible explanation could be due to loss of active catalyst at high 
overpotentials. The ECA is measured at low current densities, whereas at high current 
densities the surface area of platinum which effectively takes part in the reaction can be 
reduced. This loss has been reported to occur for particles far from the PFSI membrane when 
the electrical resistance is much lower that the ionic resistance through the electrode, but can 
also happen if the catalyst is far from a pore, and therefore becomes mass transport limited 
[150, 153, 188, 209]. The third column in Table 22 presents the expected voltage loss at the 
high current density side of a fuel cell working potential range (0.6 V vs. RHE). This is too 
high for intrinsic fuel cell studies, and should be reduced to below 1 Ω. At 1 Ω, a voltage loss 
of < 5 mV will occur in the fuel cell working potentials; possibilities to reduce this voltage 
loss are discussed below. 
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Table 22. Resistances of the cell calculated by different methods and the resultant voltage loss at 0.6 V vs. 
RHE. 
Calculation Technique 
Resistance 
/ Ω 
Eloss at 0.6 V 
vs. RHE / V 
Sum of components 2.32 0.015 
Impedance 4.5 0.029 
Gradient of scan in Figure 107 19 0.122 
 
Figure 108 shows the electrode in Figure 107 as observed and after iR correction. The iR 
correction used was from the EIS measurement, 4.5 Ω. At the maximum current density, 
there is a positive potential shift of 0.1 V. This improves the curvature of the line, but a linear 
region signifying resistive losses in the system is still observed at low potentials (< 0.5 V vs. 
RHE). More investigation is needed into the source of this outstanding resistance. 
 
Figure 108. The ORR from Figure 107 before and after iR correction. iR measured with EIS at 1 MHz to be 
4.5 Ω. 
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A few improvements to reduce the resistance are to sputter a thicker layer of gold onto the 
polycarbonate (200 – 400 nm). This will reduce the electrical resistance from the cell. 
Although, caution must be taken as a thicker layer of gold will reduce its permeability and 
therefore could introduce mass transport limitations. The other is to reduce the ionic 
resistance by increasing the electrolyte concentration. The lowest resistance can be achieved 
at a concentration of 4 × 10-3 mol cm-3 for perchloric acid at room temperature. This would 
reduce the electrolyte resistance to 1.33 × 10-3 Ω cm (25 °C) [208]. Generally, the 
concentration of dissolved oxygen decreases as the concentration of electrolyte increases 
[16]. However, as the reactant gas is supplied from behind, the reduced concentration of 
oxygen in the aqueous electrolyte upon increasing concentration should have no impact. 
5.3.1.5 Comparison to the Rotating Disk Electrode 
To compare the ORR results of the electrode in this study (Figure 107) to an equivalent of the 
RDE, the scale of the ordinate axis has been altered to equal the scale of typical ordinate axis 
seen in RDE studies (Figure 109). The insert shows a typical ORR scan utilising an RDE from 
Gasteiger et al. [28]. From this direct comparison, it can be seen that similar performance is 
achieved. Due to the mass transport limitation of an RDE, catalytic activity is usually 
compared at 0.9 V vs. RHE. The onset of the ORR in this study occurs at a slightly higher 
overpotential with a current density of 0.594 and 0.165 mA cm-2Spec at 0.9 V vs. RHE for the 
positive-going and negative-going potential scans, respectively, compared to 1 -
 1.5 mA cm-2Spec with the RDE. This may be because of a greater oxide coverage on the 
catalyst [22]. The hysteresis between the positive-going and negative-going potential scans 
shows about a 0.03 V potential shift. This is known to occur due to an adsorption hysteresis 
of OHads (shown in Section 5.1.3), which acts as a competitive molecule to oxygen 
adsorption, reducing the rate of ORR [28]. The positive-going potential scan can go to higher 
potentials before an equivalent amount of adsorbed OH forms on the surface of the catalyst. 
At 0.8 V vs. RHE, the current density rapidly increases to 6.58 mA cm-2, overtaking the RDEs 
4 - 5 mA cm-2. The reason for the current density of the electrode in this study overtaking the 
RDE is because it is much less affected by mass transport effects compared to the RDE. In 
fact, in the PEFC relevant potentials of 0.6 - 0.8 V vs. RHE, a current density of between of 
6.58 - 49.30 mA cm-2Spec was observed. These potential ranges are not possible in an RDE 
because of mass transport limitations. 
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The Tafel plot was not included as there was no defined Tafel region. As this thesis aims to 
measure intrinsic catalystic activity, correction factors were not applied. There are most 
likely some mass transport losses within the scan caused because the electrode is submerged 
in aqueous electrolyte. Previous cells supplying reactant gas from behind an electrode in 
contact with aqueous electrolyte have also shown these mass transport limiting 
characteristics [23, 70], and highlights the advantages of using a completely solid-state 
electrochemical cell. In the literature, most reported voltammograms correct for mass 
transport limitations (Koutecky-Levich Equation of the RDE), but as no mass transport 
limitation was found for this electrode, correcting was not possible. Also, this experiment 
was carried out at room temperature, whereas most Tafel slopes reported in the literature 
are completed at higher temperatures (60 - 80 °C) to improve water management and 
consequently mass transport of reactant and products towards and away from the catalyst. 
 
Figure 109. The ORR from Figure 107 placed in a typical axis for RDE reactions and showing the specific 
current density at 0.9 V vs. RHE. Insert shows the ORR of an RDE at 1600 rpm and 25 °C from [28]. 
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5.3.2 Comparison with a PEFC 
Typical ORR current densities reported in the literature for PEFC 0.9 V vs. RHE range from 
0.023 – 0.4 mA cm-2Spec [67]. The variation in the literature occurs because of different 
conditions are used; such as temperature and partial pressure of reactants. These literature 
values are lower than the 0.594 mA cm-2Spec (2.47 mA cm-2Geo) current density at 
0.9 V vs. RHE shown in Figure 109; however, as above, it is below the values recorded from 
the RDE. This performance between the PEFC I-V curve and ORR CV is expected as floating 
the WE on an aqueous electrolyte has characteristics of both the RDE and PEFC. The way the 
reactant gas can diffuse directly to the catalyst layer through a GDL is characteristic of a 
PEFC, while being in contact with an aqueous electrolyte is similar to the RDE. 
At the lower potential range of a working fuel cell (0.6 V vs. RHE), a current density of 
49.3 mA cm-2Spec (205 mA cm-2Geo) was recorded (Figure 107). Fuel cell experiments rarely 
report the specific current density at 0.6 V vs. RHE. More often, geometric current densities 
between 800 – 1500 mA cm-2Geo are reported for catalyst loadings of 120 to 400 μgPt cm-2 [28, 
155]. Therefore, multiplying the measured specific current density by the roughness factor 
expected in a typical PEFC electrode (r.f. of 178 for a loading of 200 μgPt cm-2 at 89 m2 g-1), 
would imply a catalyst layer performance of ~8 500 mA cm-2. This value is larger than 
literature values, but similar to a value reported from ITM Power (>10 000 mA cm-2) [210] 
and a similar calculation from Kucernak and Toyoda [22] at a possible 20 000 mA cm-2 at 
0.4 V vs. RHE. Therefore, in terms of specific activity of the catalyst, the WE performance is 
comparable to a WE in a fuel cell. However, being a uniform catalyst layer with an ultra low 
catalyst loading, it is better suited for intrinsic catalyst studies as the catalyst layer is more 
defined, as shown in Chapter 4. 
5.3.3 ORR of different electrolytes 
Figure 110 shows the ORR of a catalyst layer in different aqueous electrolytes: sulphuric acid 
(5 × 10-4 mol cm-3) and perchloric acid (5 × 10-4 mol cm-3). The electrode performance is 
reduced in both electrolytes compared to the electrode used in Figure 107. This is probably 
due to contaminants in the system, which at these ultra-low loadings, becomes a substantial 
and continuous problem as discussed above. Comparing the electrode in the two liquid 
electrolytes, the catalyst in perchloric acid is more active to the ORR, especially at high 
potentials. This is to be expected due to the anion effect discussed in Section 5.1.5, the 
strongly adsorbing anions of sulphuric acid have a displacement and blocking effect, 
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depressing the ORR rate [196, 197]. At lower potentials, the difference in current densities 
decrease as the catalyst in sulphuric acid catches up. This is probably due to a decreasing 
effect of the anion adsorption as the overpotential is increased. The maximum current 
densities, measured at 0.3 V vs. RHE are very similar, at 82 and 72 mA cm-2Spec for the 
perchloric and sulphuric acid, respectively. 
 
Figure 110. The electrolyte effect on the ORR of a Pt/C catalyst; two catalysts at loadings of 4 µgPt cm-2 Pt/C 
catalyst exposed to oxygen in sulphuric acid (black line) and perchloric acid (red line). Acids at 
5 × 10-4 mol cm-3, CV at 0.01 V s-1 with a RHE and Pt wire CE. The ordinate axis corresponds to the specific and 
geometric current density to the left and right, respectively. 
5.3.4 Sputtered Platinum Layer on the Catalyst Support 
As mentioned in the Chapter 4, the gold coated polycarbonate substrate can support 
alternative catalyst layers such as a sputtered platinum layer. Figure 111 shows a 
comparison of a 5 nm sputter layer of platinum on the gold coated PCTE, compared to the 
Pt/C catalyst with a loading of 7 μgPt cm-2 from Figure 102. With a density of 21.45 mg cm3, 
the estimated loading of platinum for the 5 nm sputter layer is 10 μgPt cm-2, assuming a 
continuous flat layer. The CVs appear very similar, giving about the same ECA, 0.22 cm2 
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(roughness factor of 7) for the sputtered catalyst compared to 0.18 cm2 (roughness factor of 
6) for the Pt/C. The sputtered Pt shows slightly cleaner electrochemistry, implying the 
carbon support of the Pt/C catalyst is a source of stubborn contaminants. 
 
Figure 111. CV of a sputtered Pt and a Pt/C catalyst layer in sulphuric acid; the sputtered catalyst layer is of 5 
nm thick layer, showing similar ECA as the 7 µgPt cm-2 Pt/C catalyst layer, taken from Figure 102. In 
5 × 10-4 mol cm-3 H2SO4 purged with nitrogen, scan rate of 0.02 V s-1 against an RHE and Pt wire CE. 
Figure 112 shows the ORR of a 5 nm sputtered platinum layer against a 3.8 μgPt cm-2 Pt/C 
catalyst layer in 5 × 10-4 mol cm-3 sulphuric acid. Again the behaviour of the two catalysts is 
very similar. This shows the 5 nm sputter layer is a good substitute for a 3.8 μgPt cm-2 Pt/C 
catalyst. It also shows the electrochemical system described in this project, along with the 
novel WE is able to support a range of catalyst layers, and a possible future study could 
include a detailed comparison of performance between platinum in different forms. The 
roughness factors are 2.6 and 3.4 for the sputtered catalyst and Pt/C catalyst, respectively. 
The insert shows the geometric current densities. 
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Figure 112. ORR of a 10 nm sputtered platinum layer and 3 µgPt cm-2 Pt/C on the gold sputtered PC membrane 
in 5 × 10-4 mol cm-3 sulphuric acid. The back of the electrode is exposed to oxygen, with a Pt CE and RHE, run 
at 0.01 V s-1. Main plot shows the specific current density, the insert shows the geometric current density. 
5.3.5 From Aqueous to Polymer Electrolyte 
For comparison to the CV in sulphuric acid (Figure 102), a CV of the Pt/C catalyst is shown 
in contact with PFSI electrolyte in the solid-state electrochemical cell in Figure 113. The 
structure of the hydrogen and oxide regions is not as defined for the Pt/PFSI interface, as 
they are with the catalyst in sulphuric acid. An element of this reduction is due to the 
difference in interaction between the Pt/PFSI and Pt/H2SO4 interfaces as discussed in 
Section 5.1.5 (Figure 98). In addition, the CV appears to be affected by contaminants and 
residual oxygen. The high throughput of gases from the wall jet configuration could cause 
two effects: the hydrogen region is distorted by high flow rates of inert gas that causes 
hydrogen evolution to occur at higher potentials [188, 191]; the flux of contaminants and 
consequently the effect of a low concentration contaminants in the supplied gas will be 
multiplied. Other sources of contaminants include small organic molecules which could 
originate from the PFSI [55]. Lastly, the CV is sloped at lower potentials showing a small 
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concentration of persistent oxygen which could not be removed from the cell under the 
purging conditions (the main chamber separate to the wall jet reaction chamber). Further 
investigation is needed into the cause of this contaminant, especially through the high space 
velocities of the WJE. 
 
Figure 113. A CV of a 34 µgPt cm-2 Pt/C catalyst layer in contact with a PFSI membrane (black line) and a 29 
µgPt cm-2 Pt/C catalyst layer in sulphuric acid (red line). Both catalyst layers were supported on a gold coated 
PCTE substrate, the cells were purged with nitrogen and scanned at 0.02 V s-1. The black has a gold mesh CE 
and an IORE, converted to RHE potentials, the red line has a RHE and Pt wire CE. 
Figure 114 shows the ORR of the same electrode used to obtain Figure 107, after hotpressing 
to a PFSI membrane containing an IORE to complete the MEA, and placed in the solid-state 
electrochemical cell. The IORE (Chapter 3) had a potential of 0.825 V with respect to a RHE 
and the CV in Figure 107 has been converted to the RHE scale. Both pure oxygen and air are 
shown with maximum currents at 0.3 V vs. RHE of -12.0 and -2.6 mA cm-2Spec, respectively. 
The right axis in Figure 114 shows the respective geometric current densities. For the scan in 
O2, a tenfold decrease in activity can be seen compared to the ORR in perchloric acid, Figure 
107. Possible reasons for this decrease are discussed in Section 5.3.5.1. There is no visible 
mass transport limiting current density and the final current density of 54 mA cm-2Geo is nine 
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times greater than the limiting 6 mA cm-2Geo seen in an RDE. However, in comparison with a 
fuel cell, this performance is substandard. 
 
Figure 114. 5 µgPt cm-2 Pt/C catalyst exposed to oxygen and air, run in the Cell at 0.01 V s-1, Nafion® 212 
electrolyte, gold mesh counter electrode. Potential measured with an IORE and converted to RHE potentials. 
Left axis shows the specific current density, the right axis shows the geometric current density. 
Figure 115 shows the results from Figure 114, with the current density from the catalyst 
exposed to air multiplied by 5 to normalise the partial pressures of oxygen in each case 
(approx. 1/5 oxygen in air). The scans now overlap and the maximum current densities are 
within 10 % of each other (-12.0 and -13.0 mA cm-2Spec for the ORR in oxygen and air times by 
five, respectively). Typically, a reduction in the oxygen partial pressure not only impairs 
electrode kinetics, but increases the mass transport resistances within the catalyst layer [65]. 
As air contains 78 % nitrogen which is an inert gas in this reaction, this can accumulate at the 
catalyst as oxygen is depleted. This accumulation can causes a concentration gradient which 
reduces the current density further than just the ratio of partial pressures [73]. As the loss in 
current density of the electrode in air is consistent with the reduction in partial pressure, this 
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accumulation must not occur, showing mass transport within the catalyst layer is sufficient 
at these current densities. 
 
Figure 115. The ORR from Figure 114, showing current density of the electrode exposed to air multiplied by 5 
and compared to the ORR in O2. 
5.3.5.1 Drop in Performance 
The tenfold reduction in current density of the electrode when placed in the solid-state 
electrochemical cell across a PFSI electrolyte compared to in perchloric acid is quite 
considerable. Figure 116 shows an EIS scan from 1 × 106 to 1 Hz at three different potentials 
0.7, 0.9 and 1.1 V vs RHE for a 5 μgPt cm-2 Pt/C catalyst. The insert magnifies the intercept, 
with the resistances in the cell in table 23, measured at 1 MHz. The average resistance of 
12.0 Ω is high for a fuel cell application, but as the catalyst spot is small (0.2 cm diameter) 
and the catalyst loadings are ultra-low. For the measured current density of 54 mA cm-2Geo in 
Figure 114, the voltage loss is 0.02 V. However, for a high performance electrode, achieving 
a current density of 1 × 103 mA cm-2, this voltage loss will increase to a quite substantial 
0.25 V. 
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Table 23. Resistance of the MEA within the SS-WJE apparatus at different overpotentials. The resistances are 
taken from where the scan crosses the x-axis in Figure 116. 
Potential 
/ V vs. RHE 
Resistance 
/ Ω 
1.1 12.0 
0.9 11.9 
0.7 12.1 
 
Figure 116 shows impedance spectra of the MEA in the SS-WJE at a range of potentials (1.1 – 
0.7 V vs. RHE) while exposed to oxygen. A single arc is definable for each scan which is 
likely to correspond to the charge transfer process. The arc is slightly depressed (seen in the 
frequency scan at 0.7 V vs. RHE), which has been reports to be caused by distributions of 
time constants within the electrode/electrolyte interface caused by surface roughness 
(porosity), [61, 211]. This can be described using a constant phase element where Z is the 
impedance, A = 1/C, the inverse of a capacitor, i is the imaginary unit, ω is the radial 
frequency and α is an empirical constant, Equation 90, [211]. 
          (90) 
For a capacitor, α = 1, while for a constant phase element, this value reduces to less than 1. A 
decrease in arc size is seen from 0.9 to 0.7 V vs. RHE, which could correspond to an 
increased speed of the ORR kinetics [87, 212]. The 1.1 V vs. RHE also appears lower than the 
0.9 V vs. RHE, although at this potential, a different reaction, such as formation of the oxide 
layer, is probably being measured. A second arc, expected to be seen due to mass transport 
resistances is not visible, although in some cases the charge transfer and mass transport 
resistance arcs can merge together [212]. Alternatively, there might not be a second arc 
because mass transport was optimised in this cell [213]. Unfortunately, due to the high 
resistance (12.0 Ω shown on the intercept in the insert) it is hard to ascertain information 
with any certainty. As emphasized previously, lowering the resistance of the cell would 
improve this analysis. Also, going to mHz frequency range might highlight further features. 
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Figure 116. EIS of the ORR at different potentials of a 5 μgPt cm-2 Pt/C catalyst in the solid-state 
electrochemical cell at three different potentials: 1.1, 0.9 and 0.7 V vs. RHE, from 1 Mz to 1 Hz. Insert 
magnifies the high frequency signal. 
The component resistance is calculated at 3.84 Ω. As with all the electrodes, the expected 
electrical resistance from the WE is 2.24 Ω. Assuming the conductivity of hydrated Nafion® 
as 0.1 S cm-1 [63] and the same calculation described in Section 5.3.1.4 on page 202, the ionic 
contribution is 1.6 Ω. In this case of dry Nafion®, which has a conductivity of 0.005 S cm-1 
[63], the ionic resistance can increase to 32 Ω for this configuration. As the resistance from 
the impedance measurement is not that high, the PFSI membrane is not completely dry, but 
the small increased in resistance could be partly due to the PFSI not being fully hydrated. 
The resistances calculated from the EIS and the sum of components do not reflect the total 
resistance derived from the gradient of the line in Figure 114, which corresponds to a 
resistance of 370 Ω. Therefore, there must be another component not measured by the EIS or 
sum of components. As previously discussed in Section 2.2.4 on page 62, possible sources of 
resistance are: poor bonding between the PFSI membranes through the RE, causing a large 
ionic resistance (See Figure 22 on page 64) and an anisotropic potential distribution across 
0 1000 2000 3000 4000 5000
0
1000
2000
3000
4000
5000
 
 
-Z
im
a
g
in
a
ry
 /
 
c
m
2
Z
real
 / cm
2
 1,1 V
 0.9 V
 0.7 V
0 10 20 30 40 50 60 70 80
0
10
20
30
40
50
60
70
80
-Z
im
a
g
in
a
ry
 /
 
c
m
2
Z
real
 / cm
2
 Conclusion  
Page | 213  
the WE caused by the geometry of the CE would result in areas of the electrode to 
underperform. 
5.4 Conclusion 
The ultra-low loading catalyst layer was deposited onto a novel WE comprised of a gold 
sputtered PCTE membrane. Initially, the PCTE membrane was found to be a source of 
contamination, but further cleaning steps which involved refluxing with propan-2-ol and 
water in a Soxhlet extractor reduced this to satisfactory levels. Voltammograms of the 
working electrode confirmed that the PCTE was a suitable material to be used in PEFC 
conditions for electrochemical studies. Thereafter, clean cyclic voltamograms were achieved 
of catalyst layers with loadings of 7 μgPt cm-2Spec for Pt/C and 5 nm for sputtered platinum. 
Sputtered Pt was demonstrated as an alternative catalyst layer to show the versatility of the 
gold coated PCTE substrate. This substrate also has the possibility to support Pt black, or 
even build layers such as a GTL and/or MPL, in addition to the catalyst layer. Upon cycling 
the potential in the hydrogen region (0.075 – 0.3 V vs. RHE), over 95 % of the ECA was 
retained over 7 ½ and 3 minutes, respectively, for the 7 μgPt cm-2Spec Pt/C and 5 nm for 
sputtered platinum catalyst layers. The difference was believed to occur due to the ECA of 
each catalyst layer, decreasing the platinum ECA decreases the quantity of contaminants 
needed to poison 5 % of the surface. The relatively short times were believed to be caused by 
exposure to high flow rates through the pores of the PCTE substrate, nevertheless these 
times were considered adequate to scan a CV of the ORR at 0.02 V s-1. However, further 
work is required to improve stability and reduce the contaminant levels in these systems. 
Even at potentials as low as 0.3 V vs. RHE, the CV of the ORR in perchloric acid with a 
5 μgPt cm-2Spec for Pt/C never reached a mass transport limited current density. The 
maximum current density achieved (at 0.3 V vs. RHE) was 165 mA cm-2Spec or 
680 mA cm-2Geo. At 0.9 V vs RHE, where a typical measurement in the RDE is made, an 
activity of 0.594 mA cm-2Spec was achieved. Unlike the RDE, this electrode was not mass 
transport limited at current densities in PEFC relevant potentials (0.6 – 0.8 V vs. RHE), with 
an activity of 6.58 – 49.30 mA cm-2Spec. At potentials lower than 0.6 V vs. RHE the scan 
became linear, suggesting resistive losses dominate the electrochemistry of the electrode. As 
the catalyst was flooded with aqueous electrolyte, this linear region could be caused by mass 
transport effects, and to increase performance the electrode needs to be used in a solid-state 
electrochemical cell. Other contributions include the electrical resistance of the sputtered 
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gold layer. To overcome this, future work should sputter a thicker layer of gold on the 
polycarbonate to reduce the overall measured electronic resistance to below 1 Ω. This will 
decrease the voltage loss across the operational potential range of a fuel cell to < 5 mV for 
currents presented in this thesis. 
Upon moving the electrode to the solid-state electrochemical cell described in Chapter 2, 
there were a series of issues which caused a tenfold decrease in current density compared to 
the same electrode in perchloric acid. Nevertheless, a maximum specific current density of 
12 mA cm-2Spec was achieved with no mass transport limitation evident. Comparing the 
geometric current densities, this max current is nine times greater than the RDE can achieve. 
However, this performance is lower than expected in a fuel cell. As the loss in current 
density of the electrode from pure oxygen to air is consistent with the reduction in partial 
pressure, there were no evident internal mass transport effects within the catalyst layer at 
these current densities. The performance loss was considered to be caused by poor bonding 
of the two PFSI membranes and the geometry of the CE causing non-uniform polarisation 
across the catalyst layer. A summary of improvements is presented in the overall 
conclusions of the thesis (Chapter 6) to overcome the tenfold decrease in performance. These 
additional changes should allow kinetic analyse with minimal corrections for mass transport 
and resistive losses. 
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6 Conclusions 
Many kinetic studies of PEFC catalysts have been achieved in conditions not optimised for 
kinetic measurements or dissimilar to fuel cell conditions listed below. Then these studies 
have calculated methods to correct accordingly. 
 Using a liquid electrolyte, perchloric acid has been assumed to be similar to the 
Pt/PFSI interface. 
 Curves have been corrected for mass transport limitations, ionic and electronic 
resistances, hydrogen crossover currents etc. 
 Data has been measured at higher potentials and extrapolated to PEFC relevant 
potentials because of mass transport limitations. 
This project was about eliminating these corrections, to measure the true kinetic behaviour 
of the Pt/PFSI interface expected to be determined in a PEFC. The advancements to this goal 
are discussed below. 
A SS-WJE was designed to achieve high mass transport, in summary this includes: 
 Ability to supply gases to the back of the WE through the porous PCTE membrane 
with a space velocity of 230 s-1, even at a slow flow rate of 1.67 cm3 s-1. This direct 
supply of the humidified gases to the back of the catalyst spot and across the area 
achieved a relatively homogeneous flow of reactant across the catalyst layer 
compared to a typical PEFC flow channel, where reactant gas becomes depleted 
along the gas channel. 
 The wall jet gave a calculated mass transport limited current of 278 × 103 and 
58.3 × 103 mA cm-2Geo for oxygen and air, respectively. With the addition of a second 
diffusion layer through the pores of the PCTE substrate, the predicted mass transport 
limiting current reduced to 169 × 103 and 35.4 × 103 mA cm-2Geo for oxygen and air, 
respectively. These calculated limiting current densities are extremely high and are 
well in excess of the current densities reached with the low loading catalyst layers. 
 Modifications to the wall jet cell included a new cell made from PTFE which was 
purgeable, has a glass window for optical access and the gas control was improved 
by the addition of solenoid valves at the base of the wall jet. 
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 With the solenoid valves placed directly below the wall jet, precise control of the 
reaction gases flow rates was achieved. For the exchange from nitrogen to oxygen, a 
stable current to within 95 % was achieved in 0.10 s, while from oxygen to nitrogen, 
this took 0.52 s. The lag from oxygen to nitrogen was believed to be caused by 
dissolved oxygen in the PFSI membrane. These time transients were substantially 
quicker than previously reported transients in the literature (> 1 s) [37, 44]. This gives 
the possibility for kinetic and mechanistic studies under well defined conditions with 
very short time transients. 
A solid-state RE was designed to be placed close to the WE: 
 The body of the RE consisted of a gold sputtered PCTE membrane joined to a gold 
TEM grid. This gold grid had a low profile (5 μm) and open structure (40 % porosity) 
which allowed it to be placed very close to the WE and between the WE and CE to 
avoid large potential drops under dry conditions and reduce secondary current 
distribution errors. 
 Two materials were analysed in terms of their suitability as a reference active 
material; palladium hydride and iridium oxide. 
 The palladium hydride reference electrode (PdHRE), involved charging palladium 
with hydrogen, then on discharge a potential plateau was used as a reference 
potential. The PdHRE was charged within 30 s, and gave a potential plateau at 
-0.070 V vs. RHE for two hours in nitrogen purged sulphuric acid. Unfortunately, the 
PdHRE was significantly affected by parasitic oxygen which discharged the 
hydrogen and altered the potential, so was considered unsuitable for the ORR. 
However, it would make a good electrode for the HOR, where surplus hydrogen 
would stabilise the plateau potential. 
 The iridium oxide reference electrode (IORE), was previously reported in the 
literature as a pH electrode. Here, it was adapted to use as a RE. It achieved a stable 
potential of about 0.8 V vs. RHE in nitrogen purged sulphuric acid. Its potential 
varied between electrodes and meant each electrode had to be measured before use. 
In the presence of hydrogen, oxygen and nitrogen it also gave a stable potential 
(< 3 mV h-1 drift), although this potential changed with respect to the gases. A 
number of these electrodes were successfully incorporated into MEAs in this project 
to measure the kinetics of the ORR on the platinum catalyst WEs. 
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The MEA was designed to imitate fuel cell conditions: 
 A PFSI membrane was used, with no supporting electrolyte and therefore no mobile 
anions were present. This enabled the study of catalytic performance in realistic fuel 
cell conditions: 2 - 14 water molecules per sulphonic acid group, no mobile anions 
and high mass transport. 
The Catalyst Layer: 
 A novel catalyst layer and gas transport layer has been presented, consisting of a 
gold sputter layer PCTE with the catalyst deposited on top and a Teflon AF coating 
on the back. 
 With a predicted diffusion limited current density of ca. 21.4 × 103 mA cm-2 for 
oxygen, the PTCE is capable of supplying enough reactant to the catalyst layer. 
Furthermore, diffusion through the PCTE membrane was calculated to be nearly 
double that of state-of-the-art commercial GTLs. 
 The PCTE membrane was found to contain contaminants which affected the cyclic 
voltammogram of the catalyst layer, i.e. organic molecules which competitively 
adsorbed onto the catalyst surface. By pre-washing the PCTE membrane with a 
Soxhlet extractor, these contaminants were reduced to an acceptable level. 
 A 100 nm gold layer was deposited onto the PCTE to act as a current collector, with 
the resistance of 0.56 Ω □-1, which would correspond to a 0.07 V loss at 1 A cm-2Geo. 
 The Teflon AF proved effective at changing the hydrophobisity of the PCTE pores 
without substantially reducing the permeability. With a pressure of > 100 kPa 
needed to force water into the pores, the pores should remain free from flooding 
during operation. 
 Reproducible ultra-thin catalyst layers were created down to 1 μgPt cm-2 with a 
thickness of 200 nm. Therefore, all the catalyst particles are close to the PFSI 
membrane for ionic access, and close to the GDL for gas access and an electronic 
path. These layers were deposited by VFS, a technique able to achieve very uniform 
and flat catalyst layers over large areas. During vacuum filtration about 60 % of the 
catalyst remained on the PCTE substrate, the rest was lost with the filtrate. To 
overcome this error, the ECA of the catalyst was measured for electrochemical 
experiments. These ultra-low loading catalyst layers were created to eliminate 
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internal mass transport or ohmic losses within the catalyst layer for reliable kinetic 
studies of the ORR. 
 Pt/C and sputtered platinum were used as catalyst layers on the gold coated PCTE 
substrate. However, this substrate is also capable of supporting other PEFC relevant 
materials such as platinum black or even a GTL with a MPL. 
The electrochemistry of the catalyst layer showed: 
 A CV of a 7 μgPt cm-2Spec for Pt/C and 5 nm for sputtered platinum catalyst was 
achieved after reduction of contaminants from the PCTE membrane. The CVs had 
large double layers from the gold contribution of the PCTE substrate. Upon 
repeatedly cycling over 0.05 – 0.3 V vs. RHE, over 95 % of the ECA was retained over 
7 ½ and 3 minutes of the 7 μgPt cm-2Spec Pt/C and 5 nm for sputtered platinum 
catalyst layer, respectively. This was considered adequate to run CVs of the ORR and 
HOR at 0.02 V s-1. 
 The CV of the ORR in with a 5 μgPt cm-2Spec for Pt/C catalyst in perchloric acid gave a 
curve down to approximately 0.6 V vs. RHE. A current density of 6.6 – 
49.3 mA cm-2Spec was measured for PEFC relevant working potentials (0.6 – 
0.8 V vs. RHE). At 0.6 V vs. RHE, this would correspond to a geometric current 
density of ~8 000 mA cm-2 when translated to an average PEFC loading of 
200 μgPt cm-2. At potentials lower than 0.6 V vs. RHE the scan becomes linear, 
suggesting resistive and mass transport losses dominate the electrochemistry of the 
electrode. Although, a mass transport limited current density was never measured 
within the voltage range (1.1 – 0.3 V vs. RHE). At 0.3 V vs. RHE, a current density of 
165 mA cm-2Spec or 680 mA cm-2Geo was attained. 
 In the solid-state electrochemical cell, a tenfold decrease in current density was 
observed, believed to be caused by ionic resistance from the incomplete bonding of 
the two PFSI membranes and an anisotropic potential distribution on the WE, 
resulting from the geometry of the CE. However, no mass transport limiting current 
was evident during the scan, and the geometric current density of 54 mA cm-2Geo 
achieved is nine times greater than the maximum current density a RDE can reach. 
However, in comparison with a fuel cell, this performance is substandard, possible 
improvements are discussed below. 
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6.1 Future Work 
Wall Jet 
 It would be beneficial for future work to assess the effect of contaminants (e.g. CO) at 
these fast space velocities created by the SS-WJE. 
When switching the gasses from oxygen to nitrogen, an extended time of 0.52 s was needed 
before a stable current was measured. This was believed to be because of dissolved oxygen 
in the PFSI membrane. Further improvement of the gas switching could be implemented by 
inducing a flow of nitrogen at the CE side to create a concentration gradient across the PFSI 
membrane. Thus, oxygen will be removed from the membrane through this concentration 
gradient, decreasing the extra lag seen for the switch from oxygen to nitrogen. 
As the gold grid was larger than the WE, the part of the RE which was to the side of the WE 
would be affected by secondary current distributions. Therefore one of two suggestions will 
be implemented to improve this geometrically induced error. Either the reference active 
material will be deposited only in areas of the grid that are directly between the WE and CE 
or to decrease the CE to the same size as the WE, therefore the variation in sampled potential 
by the ring will cancel out any error caused by misalignment due to its symmetry. 
One improvement to correct for the IORE’s drift upon changing of gasses will be to 
incorporate a second RE. This is especially needed when changing gases, where the potential 
is expected to change. The second RE will be a RHE, with hydrogen gas flown over a Pt/C 
catalyst in contact with PFSI, and will be placed far from the MEA to avoid affecting the WE. 
The CE, originally chosen to allow in-situ Raman measurements, was found to be unsuitable 
due to the wide bar spacing (250 μm) in comparison to the electrolyte thickness (105 μm), 
which caused an increased ionic resistance and created an uneven potential distribution 
across the WE surface. Future development of a new CE includes using a GDL and MPL 
sputtered with platinum and iridium for the CE. This CE would have a continuous surface 
and will be cut to the size of the WE (0.2 cm diameter circle). 
The bonding between the two PFSI membranes where the RE lies was found to be 
inadequate. To overcome this, solution ionomer will be used to coat the holes of the RE grid 
before hotpressing and the temperatures used to hotpress the two PFSI membranes together 
will be increased to 140 – 160 °C. 
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A possible improvement for the WE substrate is to increase the thickness of the gold layer to 
200 – 400 nm, but care must be taken to ensure mass transport is not reduced to a point 
where it affects the kinetics. 
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